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ABSTRACT 
A spindle matrix is a macromolecular structure hypothesized to provide a 
stationary support or strut for the anchorage of motor proteins during force 
generation, microtubule sliding, and chromosome segregation in mitosis. Previous 
work in Drosophila has shown Skeletor, as the first putative molecular candidate of 
spindle matrix structure since it possesses many features consistent with the 
proposed spindle matrix structure. 
We have identified two more putative spindle matrix candidate proteins, 
Chromator and Megator, using yeast two-hybrid interaction assay, cross-
immunoprecipitation and immunocytochemistry. Chromator is a novel and essential 
chromodomain containing protein that interacts directly with Skeletor and extensively 
colocalizes with it throughout the cell cycle. During interphase Chromator colocalizes 
with Skeletor on the chromosomes, and then redistributes on to the Skeletor defined 
spindle during metaphase and anaphase. Furthermore, RNAi depletion of Chromator 
in S2 cells leads to abnormal microtubule spindle morphology and to chromosome 
segregation defects, thus suggesting that Chromator plays a role in proper spindle 
dynamics during mitosis. We have generated new Chromator mutant alleles to 
further aid in the functional analysis of its roles in force production and chromosome 
segregation during mitosis. 
Megator (Bx34 antigen) is a Drosophila Tpr ortholog and has an extended N-
terminal coiled-coil domain. During interphase Megator is localized to the nuclear rim 
and occupies the intranuclear space surrounding the chromosomes. However, 
during mitosis Megator reorganizes and aligns together with Skeletor and Chromator 
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into a fusiform spindle structure. The Megator metaphase spindle persists in the 
absence of microtubule spindles, thus strongly implying that the existence of the 
Megator-defined spindle does not require polymerized microtubules. Furthermore, 
deletion construct analysis in S2 cells revealed that the NH2-terminal coiled-coil 
region of Megator self assembles into large spheres indicating its ability to form 
polymers and serve as the structural basis for the putative spindle matrix complex. 
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CHAPTER 1: GENERAL INTRODUCTION 
DISSERTATION ORGANIZATION 
This dissertation is organized into six chapters. The first chapter begins with 
the outline of the dissertation. This is followed by background knowledge about 
mitosis. Current knowledge about the mechanisms of mitotic spindle assembly, 
chromosome congression and segregation, involvement of motor proteins, and other 
molecular components in the process of mitosis are reviewed. Later on, the 
inconsistencies in the process of mitosis are discussed and the concept of "Spindle 
matrix" is introduced. In the section of spindle matrix, current knowledge about 
Skeletor, the founding member of the work presented in this dissertation is 
discussed in details. This section also includes a review of other molecular 
evidences of the spindle matrix in other systems. Finally, the advantages of the 
Drosophila model system are briefly introduced. 
The second, third and fourth chapter are organized in the paper format. The 
second chapter is a paper published in the Journal of Cellular Biochemistry in Nov. 
2004 on the identification and characterization of Chromator, a yeast two-hybrid 
interacting partner of Skeletor. In this paper I have contributed the western blot in 
Fig. 1c, the in vitro pull down assays between Chromator and Skeletor (Fig. 2), 
immunostaining of Chromator and Skeletor in Drosophila S2 cells (Fig. 5), western 
blot analysis of the SUPor-P element insertion lines of the Chromator gene locus 
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(Fig. 6b), dsRNA interference analysis of Chromator in S2 cells (Fig. 7), and the 
Chromator deletion construct analysis in S2 cells (Fig. 8a & c). 
The third chapter is a paper published in the Molecular Biology of the Cell in 
Nov. 2004 on the analysis of Megator, a coiled coil protein that localizes to the 
putative spindle matrix during mitosis in Drosophila. In this paper I have contributed 
the western blot in Fig. 2a, the immunostaining of Megator, Lamin and Skeletor in 
Drosophila S2 cells (Fig. 5), the co-immunoprecipitation analysis of Chromator and 
Megator (Fig. 6), and the dsRNA interference analysis of Megator in S2 cells (Fig. 
8). 
The fourth chapter is a manuscript in preparation according to the format of 
the GENETICS journal on the generation and analysis of new Chromator mutant 
alleles. I have contributed all the figures in this chapter. A general conclusion for the 
work presented in the dissertation is drawn in the fifth chapter. Chapter 6 is a list of 
references cited in chapter 1 and 5. In the end, I have acknowledged the people who 
have helped and supported me throughout my dissertation work. 
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BACKGROUND 
One of the most fundamental processes of a living cell is the cell cycle 
through which the cell reproduces by duplicating its contents and then dividing into 
two daughter cells. The eucaryotic cell cycle consists primarily of an S phase where 
DNA replication takes place and mitosis or M phase, which is essential for accurate 
chromosome segregation, and finally cytokinesis where the cell divides into two. 
Inaccurate chromosome segregation (i.e aneuploidy) is thought to be the primary 
cause for development of cancer. Thus an improved understanding of the molecular 
machinery driving the cell division and especially mitosis, where chromosome 
segregation takes place, will lead into newer treatments for curing cancer. 
Mitosis 
The term mitosis was coined from a Greek word for thread by Walther 
Fleming in the early 1880's based on the shape of mitotic chromosomes (reviewed 
in Mitchison & Salmon, 2001). The main purpose of mitosis is to accurately 
segregate the duplicated chromosomes (sister chromatids) to the opposite poles 
forming two daughter cells. Progression of mitosis depends upon the proper 
organization, stabilization, and eventual disintegration of a fusiform mitotic spindle 
apparatus (Kuriyama & Nislow, 1992). The primary structural elements of the mitotic 
spindle are microtubules, which are rigid protofilaments of a-/|3- tubulin heterodimers 
arranged in a head to toe fashion that curve to form a tube. Tubulin polymers are 
highly dynamic, constantly switching between growing (also termed rescue) and 
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shrinking (also termed catastrophe) states, a behavior known as 'dynamic instability' 
(Mitchison et al., 1984). Dynamic instability is based on the binding and hydrolysis of 
GTP at the nucleotide exchange site in (3-tubulin. Microtubules are formed by 
polymerization of GTP bound tubulin heterodimers. GTP is eventually hydrolyzed to 
GDP in a sequential fashion, thus a growing microtubule always has a GTP cap with 
GDP-bound interior subunits. GDP-bound tubulin heterodimers have very less 
affinity for each other, thus making the microtubule significantly unstable and leading 
to a catastrophe event. In the mitotic spindle the microtubules form a bipolar array 
with their minus ends focused and anchored at the spindle poles and the plus ends 
extending away, facing the chromosomes at the spindle equator. Each of the sister 
chromatids is attached to a bundle of microtubule fibers at its centromere through a 
specialized multi-protein disc structure called the kinetochore for their directed 
movement during segregation. The mitotic spindle consists not only of microtubules 
but also contains many other microtubule-associated proteins including the motor 
proteins that will be discussed later in this chapter (Wittman et.al, 2001; Gadde et.al, 
2004). 
Mitosis is a complex process consisting of many phases with cytokinesis 
being the last step before the beginning of the next cycle. During the cell cycle the 
interphase nucleus undergoes duplication and reorganization requiring major 
structural changes of the entire nucleus (Pines and Rieder, 2001). At the onset of 
mitosis at prophase, a change in microtubule dynamics leads to increase in the 
microtubule catastrophe and decrease in the microtubule rescue events. This 
change in the microtubule dynamics leads to dismantling of the interphase 
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microtubule array allowing for the interaction between microtubule plus ends and the 
chromosomes (Belmont et.al, 1990; Rusan et.al, 2001). Along with the 
reorganization of microtubule structure, the duplicated centrosomes start migrating 
away from each other around the nuclear envelope and the duplicated 
chromosomes begin to condense. During prometaphase phosphorylation of the 
lamins triggers nuclear envelope disassembly and astral microtubules radiating from 
each of the centrosomes begin attachment to the kinetochores of the sister 
chromatids (Gerace & Blobel, 1980; Gorbsky, 1992; Martins et.al, 2000). Attachment 
of a set of sister kinetochores to microtubules from both the poles results in the bi-
orientation of the chromosomes, and thus, formation of the bipolar spindle. 
Subsequent attachment and bi-orientation of all the kinetochores leads to 
chromosome congression at the spindle equator (metaphase plate) at metaphase. In 
addition to the kinetochore microtubules (kMTs) the spindle structure also consists of 
interpolar microtubules (ipMTs) that overlap each other to form an anti-parallel array 
and astral microtubules that grow out of the centrosomes, or the spindle poles and 
interact with the cell cortex to position the spindle. Proper bi-orientation and 
alignment of the chromosomes at the metaphase plate satisfies the cell cycle 
checkpoint and mitosis progresses into anaphase. Anaphase is composed of two 
stages: anaphase A and B. In anaphase A the sister chromatids lose their cohesion 
and start moving away from each other towards the spindle poles, anaphase B 
begins upon completion of chromosome segregation, in which the spindle poles 
themselves move apart leading to elongation of the spindle and formation of the 
central spindle. Anaphase is followed by telophase, which marks the reformation of 
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the nuclear envelope around each set of segregated chromosomes at the spindle 
poles, and then cytokinesis takes place dividing the cells into two daughter cells 
(Mitchison & Salmon, 2001; Wittman et.al, 2001; Scholey et.al, 2003, Gadde et.al, 
2004). 
Mechanisms of Spindle Assembly 
The mitotic spindle is a transient organizational state of microtubules that 
provides tracks for the precise movement of chromosomes during segregation 
(Kapoor & Mitchison, 2001). Currently two models are proposed to explain the 
microtubule spindle assembly: the "search-and-capture" model and the "self-
organization" model. In the "search-and-capture" model, highly dynamic astral 
microtubules emanating from the centrosomes randomly scan the cytoplasm until 
they are captured and stabilized by a kinetochore (Kirschner et.al, 1986). 
Centrosomes are made up of a pair of centrioles surrounded by pericentriolar 
material in which a large microtubule nucleating y-tubulin ring complex (y-TuRC) is 
embedded. Astral microtubules polymerize using the embedded y-TuRC complex 
acting as a helical template structure (Gunawardane et.al, 2000; Moritz et.al, 2000; 
Keating et.al, 2000). Simultaneous capture of the sister kinetochores by the astral 
microtubules bi-orients the chromosomes and eventually leads to the formation of a 
bipolar spindle (Karsenti et.al, 2001; Gadde et.al, 2004). 
The "self-organization" model was initially proposed to explain the formation 
of the acentrosomal female meiotic spindle. In this model, the chromosomes 
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nucleate the microtubules, which then coalesce at the poles to form the bipolar 
spindle structure (Hyman et.al, 1996; Karsenti et.al, 2001; Scholey et.al, 2003; 
Gadde et.al, 2004). In the "self-organization" pathway, a guanine nucleotide-
exchange factor of the small GTPase family, Ran, creates a gradient of active Ran-
GTP with highest concentration around the chromosomes (Kalab et.al, 2002). Ran 
GTP along with its chromatin associated stimulating factor, Ran GEF RCC1, 
promotes microtubule nucleation around the chromosomes by releasing factors like 
TPX2 (Xklp2) from a sequestered pool upon its binding to lmportin-p (Heald et al., 
2000; Carazo-Salas et al., 2001; Gruss et al., 2001; Nachury et al., 2001 ; Walczak, 
2001 ; Wilde et al., 2001 ; Weise, et al., 2001 ). 
Though the two pathways require different sets of conditions and factors for 
spindle assembly, they are not mutually exclusive. A major argument indicating both 
the pathways work together during spindle assembly, is that 'self-organization' has 
been observed to occur in cells in which the centrosomes have been either 
physically removed by laser microsurgery or their function has been mutated. 
(Bonaccorsi et al., 1998; Megraw et al., 2001). Furthermore, recent live cell imaging 
studies in Drosophila S2 cells have helped to unite both the search-and-capture 
model and the self-organization models of spindle assembly. In these cells, live 
tracking of GFP tagged tubulin shows that both the spindle assembly pathways act 
in concert with each other during the formation of a bipolar spindle (Maiato et al., 
2004). Other studies have shown that microtubules nucleating from the kinetochores 
eventually interact with the fibers from the centrosomes, correct their improper 
orientation, and are focused at the poles with the help of motor proteins like dynein 
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or Ned (Scholey et al., 2003; Khodjakov et al., 2003). In budding yeast (S. 
cerevisiae), very recent work has shown that kinetochores are captured laterally by 
the microtubules. This capture is facilitated by the microtubule plus-end tracking 
proteins like Stu2, Bim1, and Bik1 (orthologues of vertebrate XMAP215/TOG, EB1 
and CLIP170 respectively), and a high concentration of Ran-GTP in the nucleus 
(Tanaka et al., 2005). 
Chromosome Congression and Segregation 
Chromosome congression or alignment at the spindle equator defines the 
metaphase stage of the cell cycle, and is required for accurate chromosome 
segregation across diverse species. For the chromosomes to congress at the 
metaphase plate, they must first bi-orient via attachment of the sister kinetochores to 
the opposite spindle poles. During congression, bi-oriented chromosomes oscillate 
back and forth about the spindle equator in poleward and anti-poleward movements, 
which is also termed as "directional instability" (Kapoor and Compton, 2002). 
Spindle microtubules are characterized by their very "dynamically instable" 
nature due to rapid growth at plus ends and shrinkage at the minus ends, also 
termed as treadmilling. Photoactivation, photobleaching, and labeling of tubulin 
subunits have allowed for a direct observation of the spindle microtubule dynamics, 
which shows that the microtubule lattice constantly moves towards the poles. This 
constant poleward movement was termed as poleward microtubule flux (Sawin & 
Mitchison, 1991, 1994; Desai & Mitchison, 1997; Kapoor & Mitchison, 2001). 
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Investigation of microtubule flux in mitotic newt cells in the presence or absence of 
taxol (a drug known to suppress MT polymerization) showed that in the presence of 
taxol the metaphase spindle collapsed at the same rate as that of poleward flux, but 
tension across the sister kinetochores was the same in both the presence and 
absence of taxol. These results indicated that microtubule flux was independent of 
plus-end polymerization but dependent on the minus end depolymerization. 
Moreover, it also supported the role of flux in generating poleward force on the 
kinetochores (Waters et al., 1996, Rogers et al., 2005). Analysis of the microtubule 
flux using fluorescence speckle microscopy has further revealed that flux does not 
occur in astral microtubules but is limited to kinetochore microtubules (kMTs) and 
the interpolar microtubules (ipMTs) (Waterman-Storer et al., 1998; Rogers et al., 
2005). 
The mitotic spindle, along with being a fibrous structural entity, is also a force-
generating machine necessary for proper chromosome alignment and segregation. 
Force production in the spindle machinery is generated by various factors: 
treadmilling of microtubules causes pushing and pulling forces on the chromosomes 
and the spindle poles, constant microtubule poleward flux generates net poleward 
force, chromosome-associated motor proteins termed chromokinesins contribute to 
a force directed away from the poles called the "polar-ejection-force", and many 
different microtubule based motors slide microtubules against each other or other 
spindle components generating force (Antonio et al., 2000; Funabiki et al., 2000; 
Brust-Mascher et al., 2002, Scholey et al., 2003). 
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During metaphase, the spindle is maintained at a constant length and the 
chromosomes congress to the metaphase plate due to the combination of various 
counter-balancing forces generated in the spindle structure. At the equator, the 
chromosomes are held together by cohesin-mediated sister chromatid cohesion and 
chromokinesin-generated anti-polar forces that push chromosomes arms away from 
the poles (Scholey et al., 2003). The cohesin complex of proteins generates 
cohesion between the replicated sister chromatids. Cohesin is a multiprotein 
complex consisting of a SMC heterodimer, Smc1 and Smc3, and non-SMC 
members Scc1 (also called Mcd1 and Rad21) and Scc3. After the metaphase-
anaphase spindle transition checkpoint is met, the anaphase-promoting complex 
(ARC) triggers the ubiquitination and eventual degradation of securin, which inhibits 
an endopeptidase, separase. Separase cleaves Scc1, which in turn leads to the loss 
of cohesion between the sister chromatids and induction of chromatid-to-pole 
movement in anaphase A (Nasmyth et al., 2000, 2002; Hagstrom et al., 2003). 
Over the past several years two models have been proposed to explain the 
mechanism of chromosome movement to poles in anaphase A that has been 
visually observed to occur by shortening of the kinetochore microtubule fibers. In the 
the "Pacman model", kinetochores induce microtubule plus-end disassembly while 
maintaining the attachment to the depolymerizing kinetochore microtubules, thus 
chewing its way to the poles (like the video-game PACMAN). In the second model, 
called the "traction fiber" or the "poleward microtubule flux" model, the constant 
microtubule flux towards the poles is used to pull the chromosomes to the poles 
(Gorbsky et al., 1987, 1988; Sharp et al., 2004; Gadde et al., 2004). Recent studies 
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in Drosophila embryos have shown that both these mechanisms function together 
for microtubule depolymerization during chromosome segregation in anaphase A 
(Rogers et al., 2004a, 2004b). 
Motor Proteins in Mitosis 
Microtubule associated motor proteins are one of the major force generators 
and microtubule movement regulators in the spindle apparatus. These proteins are 
mechanochemical ATPases that can harness energy from ATP hydrolysis and slide 
microtubules unidirectionally towards their plus- or minus- ends. Mitotic motors 
function during mitosis by cross-bridging and sliding microtubules relative to each 
other and other structures, by transporting mitotic cargos along the microtubule 
fibers, and by regulating spindle assembly and motility. During mitosis the "sliding 
filament mechanism" is used in two distinct ways, one to slide overlapping/adjacent 
microtubules in relation to one another and the other to slide the astral microtubules 
at the poles against the stationary cell cortex. Sliding of overlapping antiparallel 
interpolar microtubules in relation to each other positions the spindle poles at 
opposite ends of the spindle and the astral microtubule-cell cortex interaction 
anchors the spindle in place in the cell. Furthermore, multiple motor proteins are 
known to function co-operatively to create a dynamic balance of complementary and 
antagonistic forces in the mitotic spindle. 
There are two major families of motor proteins, the kinesins and the dyneins, 
which have been functionally well conserved across different species. The tetrameric 
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bipolar Bimc/Eg5- family of plus-end directed kinesins play a fundamental role in the 
MT-MT sliding mechanism. These bipolar motor proteins, like Drosophila KLP61F 
form homotetramers, with their two MT-motor domains positioned at opposite sides 
of the central rod domain, thus cross-linking adjacent microtubules and bundling 
them. Mechanical force generated by these bipolar motors slide adjacent anti-
parallel microtubules simultaneously against each other thereby generating force 
and movement within a microtubule bundle, and thus generating an outward force to 
push the spindle poles apart (Sharp et al., 1999a; 2000). Functional inhibition of 
these bipolar kinesins shows formation of shorter and monopolar spindles in vivo 
(Sharp et al., 1999b, 2000; Kapoor et al., 2001). Furthermore, motor proteins such 
as dynein/dynactin bundle and slide astral microtubules against the cell cortex 
thereby exerting outward force which complements the force generated by the 
bipolar kinesins in pushing the spindle poles apart during mitosis. To counteract the 
outward force generated by the plus-end directed motors and dynein/dynactin 
complex motors, the spindle apparatus uses C-terminal minus-end directed cross-
linking kinesin motors like Ned and CH01/MKLP1 (homologue of Drosophila 
pavarotti) to generate an antagonistic inward or a braking force. C-terminal kinesins 
Ned and CH01/MKLP1 slide adjacent microtubules towards their minus-ends 
thereby pulling the spindle poles together (Gaglio et al., 1996; Sharp et al, 1999b, 
2000a, 2000b; Brust-Mascher et al., 2002; Gadde et al., 2005). Recent data 
obtained from experimentation on Drosophila embryos, shows that during the 
metaphase-anaphase transient steady state, KLP61F and dynein/dynactin provide 
the outward force pushing the spindles apart and Ned provides an antagonistic 
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inward force to counterbalance it, thus keeping the spindle length constant (Sharp et 
al, 2000a; Brust-Mascher et al., 2002). A change in balance of these sets of motor 
proteins is speculated to trigger the shift into anaphase B, thereby leading to further 
spindle pole separation and spindle elongation. In addition to their function as 
antagonistic motors, dynein/dynactin and C-terminal kinesin Ned also orient the 
astral microtubules and play an important role in focusing the poles. 
Along with the above mentioned motors at the metaphase-anaphase A 
transient steady state, chromokinesins, a set of chromosome-associated kinesin 
motor proteins, also generate a "plateward" or a "polar ejection force". These motor 
proteins, for example Klp38B in Drosophila and Kid in Homo sapiens, have a 
chromatin binding motif and are localized on the non-kinetochore regions of the 
chromosomes (Tokai et al., 1996; Molina et al., 1997; Ruden et al., 1997; Sharp et 
al., 2000b). They can bind chromosomes as cargo and transport them towards the 
metaphase plate along the microtubule fibers during chromosome congression, thus 
generating a "plateward" force. Studies done on Kid protein have indicated that for 
proper anaphase A chromosome movement destruction of Kid is necessary, thus 
showing that the "polar ejection force" has to be neutralized for the onset of 
chromosome segregation (Wittman et al., 2001, Funabiki et al.,2000). 
Along with spindle morphogenesis, motor proteins also contribute to the 
dynamic properties of the spindle during chromosome segregation. The Kin I 
(internal catalytic domain subfamily) kinesins, which depolymerize microtubules, are 
major contributors to this mechanism. Recent work in Drosophila has identified two 
Kin I kinesins, Klp59C and Klp10A, which are localized at the kinetochore and the 
spindle pole, and promote depolymerization of the plus- and the minus- end 
respectively. Normally in Drosophila embryos during anaphase A, chromosomes 
move towards the poles at the rate of -0.1 ^ m/second while the poleward 
microtubule flux occurs at the rate of 0.04 ^m/second, thus indicating that ~60% of 
the force required for chromosome movement is contributed by other sources. 
Inhibition of Kin I kinesin Klp59C leads to chromosome segregation defects where 
chromosome movement towards the poles in anaphase A is decreased by ~60% to 
the same rate as normal microtubule flux. Further knockdown of Kin I kinesin 
KLP10A, which is normally located at the spindle poles, reduces the poleward 
chromosome movement in anaphase A by -40% (Rogers et al., 2004; Sharp & 
Rogers, 2004). Thus, these results show that both Klp10A and Klp59C function 
together at the poles and the centromere to segregate chromosomes. This Kin I 
dependent combination of plus- and minus- end depolymerization has been termed 
as PACMAN-Flux mechanism of chromosome segregation (Sharp & Rogers, 2004). 
Similar experiments with human and mice Kin I kinesin, KIF2A, also shows blockage 
in microtubule flux, indicating a conservation of the above-mentioned mechanism 
through evolution (Gaetz et al., 2004; Rogers et al., 2005). In addition to Kin I 
kinesins, chromosome segregation in Drosophila also requires dynein in a complex 
with dynactin, ZW10 and Rod, which is localized at the kinetochore (Sharp et al., 
2000a; Rogers et al., 2004; Gadde et al., 2004). A "feeder and chipper" model has 
been proposed to explain the functions of Kin I kinesins and the dynein complex 
during anaphase A. In this model it is postulated that depolymerization at the 
kinetochores and the spindle poles requires a motor protein to feed the microtubules 
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into the stationary microtubule depolymerizing machinery that chips away at the 
microtubule ends (Gadde et al., 2004). Furthermore, the dynein complex of proteins 
also keeps the rapidly depolymerizing microtubule ends connected to the 
kinetochores by constantly moving them towards the minus ends. Similarly in 
budding yeast S.cerevisiae, Kar 3 kinesin in a multiprotein complex with NdcSO, 
Mtw1, Ctf19, and CBF3 kinetochore proteins mediates the lateral attachment of the 
microtubule and movement of the kinetochores towards the spindle pole (Tanaka et 
al., 2005). 
Other Molecular Components of the Mitotic Spindle 
The mitotic spindle is formed by the metastable microtubule polymers and 
their accessory factors, which consist of both the motor and non-motor microtubule 
associated proteins (MAPs). Classical non-motor MAPs like Tau bind to the surface 
of the microtubules and stabilize them. Another distinct class of the non-motor 
MAPs are the "plus-end-tracking" proteins or the +TIPs, which include EB1 and the 
CLASPs. These proteins are localized to the growing plus ends of the microtubules, 
thus giving it an appearance of 'tracking'. Functional analysis of Drosophila EB1 has 
revealed that it is essential for proper spindle assembly and positioning during 
mitosis and is also required for localization of other motor proteins like KLP10A at 
the microtubule plus-end during interphase (Rogers et al., 2002, Mennella et al., 
2005). CLASPs are unique +TIPs which bind to kinetochores throughout mitosis in 
the presence or absence of microtubules. Inhibition of CLASP function leads to 
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bipolar spindle collapse and abnormal chromosome congression, indicating a role of 
CLASPs in regulating kinetochore-microtubule dynamics. In Drosophila, MAST/Orbit 
is the single orthologue of the CLASPs family of proteins, and has been recently 
shown to be essential for microtubule subunit incorporation into the fluxing 
kinetochore fibers by RNA interference, laser microsurgery and photobleaching 
experiments (Maiato et al., 2005). Other conserved MAPs like the Mini swindles 
(Msps) (Drosophila homologue of XMAP215) and D-TACC are known to stabilize 
microtubules at the centrosomes and may also form 'pseudo-centrosomes' to guide 
the anastral bipolar spindle assembly (Theurkauf, 2001 ; Scholey et al., 2003). 
Another group of proteins important for chromosome bi-orientation, the 
spindle checkpoint and cytokinesis are the chromosome passenger proteins, which 
associates with the chromosomes early in mitosis and transfers to the spindle 
midzone at ana-/telophase. This complex consists of Histone H3 kinase Aurora B, its 
targeting and activation subunit INCENP, a BIR motif containing protein survivin, and 
borealin/dasraB (Adams et al., 2001a; Gassman et al., 2004; Sampath et al., 2004, 
Maiato et al., 2004). Aurora B kinase is required for targeting of CENP-E, dynein and 
Kin I kinesin MCAK to the kinetochores and maintenance of the poleward 
microtubule flux during anaphase A chromosome segregation by regulating the 
catalytic activity of MCAK (Andrews et al., 2004). Aurora B kinase and its yeast 
homologue lpt1 are also required for checkpoint signaling during the metaphase to 
anaphase transition. The chromosome passenger proteins are required for the 
targeting of the checkpoint proteins, BUBR1 and MAD2 to the kinetochores where 
they serve to check the alignment of the sister chromatids and the tension between 
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them (Carvalho et al., 2003). At the ana- and telophase, the chromosome passenger 
proteins are relocated to the central spindle and the mid-body region. Among them 
INCENP and Aurora B have been observed to be required for cytokinesis. 
The "Spindle Matrix" 
The spindle apparatus is made up of dynamic microtubules and its associated 
motor and non-motor proteins. The main force generators in the mitotic spindle are 
the different motor proteins which move along the microtubule tracks. These motor 
proteins, for example the bipolar kinesins, walk along a microtubule fiber carrying 
another microtubule fiber as a cargo, thereby causing a MT-MT sliding movement. 
Furthermore, chromokinesins, the motor proteins that carry chromosomes as their 
cargo also generate a "polar ejection force" to maintain the chromosomes at the 
metaphase plate (Levesque et al., 2001). Though there are several models 
proposed to explain the workings of the spindle apparatus based on the above 
mentioned force generators, all of them fall short, since it is difficult to envision force 
generation due to movement on the microtubule tracks when these tracks are 
constantly falling apart due to their inherent dynamic nature. Moreover, during the 
process of chromosome segregation in anaphase A, it has been proposed that the 
microtubules undergo constant depolymerization at the spindle midzone and the 
poles (Mitchison et al., 1992; Rogers et al., 2004). These observations are difficult to 
explain, since even though there is constant depolymerization, which should have 
led to spindle shortening and eventual collapse, the spindle length remains constant, 
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hinting on the presence of a structure that keeps the bipolar spindle intact. Based 
on these observations and force requirement considerations, the concept of a 
stationary "spindle matrix" structure has been proposed. The "Spindle matrix" is 
hypothesized as a stationary non-microtubule structure that provides a backbone or 
a strut for interaction of motor proteins during force generation and microtubule 
sliding in the metastable spindle apparatus (Pickett-Heaps et al., 1997; Johansen et 
al, 2002). Over the years, scientists have obtained much evidence suggesting the 
existence of such a "spindle matrix" structure but the molecular components of this 
structure have been elusive. In Drosophila, Skeletor has been identified as a 
candidate spindle matrix protein since it possesses many characteristics of the 
hypothesized spindle matrix protein (Walker et al., 2000) and will be discussed in 
detail in the next section. 
In the early 1980 s a "microtrabecular lattice" model was proposed as an 
elastic spindle matrix structure based on the cytoplasmic ground substance required 
for pigment granule movement in melanopores (Pickett-Heaps et al., 1982). Support 
for the "microtrabecular lattice" model came from studies done in sea urchins and 
diatoms spindles that showed presence of kinesin and kinesin-like molecules in the 
non-microtubule spindle remnant (Scholey et al., 1985, 2001; Pickett-Heaps et al., 
1986; Leslie et al., 1987). Observations that poleward chromosome movement 
persists even after the kinetochore microtubules are severed using a UV microbeam 
led to the proposal that the "microtrabecular lattice" acts as a recoiling spring like 
structure that extends from each of the poles to the kinetochores on the 
chromosomes at the equator in each of the half spindle. At metaphase this spring­
like lattice was stretched and under tension due to concerted plateward movement 
of the MT motors attached to the lattice. Induction of anaphase leads to poleward 
recoiling of this elastic matrix which pulls the kinetochores linked to the chromatids 
along with it towards their respective poles (Pickett-Heaps et al., 1997; Forer et al., 
1997; Scholey et al., 2001). More recently, indirect evidence for the presence of the 
spindle matrix structure has come forth from spindle force measurement studies. 
During anaphase, physical estimates suggest that the spindle apparatus develops 
forces in the nanonewton range, which would cause microtubule buckling unless 
they are supported by a matrix like structure (Nicklas, 1983; Scholey et al., 2003). 
The most credible spindle matrix candidate before the identification of 
Skeletor was the nuclear mitotic apparatus protein (NuMA). In vertebrate cells NuMA 
localizes to the nucleus during interphase and then relocates to the spindle poles 
region during mitosis (Lydersen et al., 1980). NuMa encodes a 236 kD protein 
containing a unique globular head domain and a tail domain with a large internal 
coilied-coil domain (Yang et al., 1992; Compton et al., 1992). This protein is capable 
of multimerization indicating its potential to form a higher order scaffold structure 
around the poles. Moreover overexpression of C-terminal NuMA in vertebrate cells 
resulted in formation of 5nm thick fibers in the cytoplasm (Saredi et al., 1996). NuMA 
forms a pericentriolar matrix structure and interacts with microtubules and MT-motor 
proteins. Considering these interactions, the NuMA matrix could potentially anchor 
and focus the minus ends of the microtubules at the poles along with providing a 
stationary substrate for the MT-motors, like plus-end-directed bipolar kinesins and 
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minus-end-directed cytoplasmic dynein (Merdes et al., 1996, 1997, Compton, 1998; 
Dionne et al., 1999). 
In Drosophila, the Abnormal swindle protein (Asp) has been proposed as the 
functional equivalent of NuMA, since the Drosophila genome does not encode a 
NuMA homologue (Wakefield et al., 2001). Asp is a 220kD microtubule associated 
protein, which localizes at the spindle poles and the centrosomes during mitosis. 
Asp is also a component of the central spindle and is required for male cytokinesis 
(Riparbelli et al., 2001). Another potential replacement candidate of NuMA function 
is a complex of two MAPs, Msps (minisgindles) and D-TACC (Transforming, acidic & 
çoiled-çoil containing) in Drosophila. These proteins have been observed to localize 
at the spindle poles and stabilize the poles of anastral mitotic spindles (Cullen et al., 
2001 ; Lee et al., 2001). A major limitation of the NuMA or Asp or Msps - D-TACC 
matrix is that these proteins form only a pericentriolar matrix rather than a pole to 
pole stretching matrix, as proposed by the spindle matrix model. 
More recently "fluorescence speckle microscopy" (FSM) studies on the plus-
end-directed bipolar kinesin, Eg5, has provided more evidence for the presence of a 
spindle matrix. "Fluorescence speckle microscopy" technique is used to measure the 
movement of low amount of randomly incorporated fluorescently-tagged proteins. 
Random and low level incorporation of these fluorescently-tagged molecules create 
speckles whose movement can be followed microscopically over time. Bipolar 
kinesin, Eg5, is observed to be localized throughout the bipolar spindle and its 
inhibition leads to monopolar spindle formation (Sawin et al., 1995; Kapoor et al., 
2000). Fluorescence speckle microscopy experiments done with Xenopus egg 
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extracts showed that recombinant fluorescently-tagged Eg5 remains relatively static 
as compared to the constant poleward microtubule flux (Kapoor et al., 2001). One 
explanation for the static behavior of Eg5 would be that the motor protein itself is 
"walking" in the opposite direction to the poleward microtubule flux, thus appearing 
to remain motionless. But upon addition of monoastral, a specific chemical inhibitor 
of Eg5 motor activity, most of the Eg5 remain stable instead of being pulled 
poleward as predicted by the "opposite direction walking" model. Immobilization of 
Eg5 as recorded by the fluorescence speckle microscopy experiments was 
proposed to be due to its interactions with the static spindle matrix structure (Kapoor 
et al., 2001; Johansen et al., 2002). 
In yeast two putative spindle matrix candidates have been identified. Aselp a 
coiled-coil spindle midzone MAP (Pellman et al., 1995) and Fini p. Aselp functions 
as a homodimer, and showed capability of binding and bundling microtubules in in 
vitro experiments. Interestingly, similar to Eg5, Aselp is also found static within 
spindle midzone while microtubule spindle undergoes elongation at anaphase in 
fluorescence speckle microscopy experiments (Schuyler et al., 2003). These results 
along with the requirements of Aselp for spindle elongation during anaphase B 
suggest that Aselp might comprise a part of the spindle midzone matrix. Fini 
protein, a coiled-coil interacting partner of 14-3-3 protein, Bmh2p, in yeast, was 
observed to form cell-cycle dependent filaments spanning pole to pole from mother 
to daughter cell. Fin 1 p filament forms in concert with the spindle assembly and 
disappears within the nucleus upon spindle disassembly. Further in vitro 
experiments showed that 6xHis-tagged Finip can self assemble into a 10nm thick 
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filamentous structure independent of microtubules and other proteins. This inherent 
capability of Fin 1 p to form microtubule independent filaments during spindle 
assembly suggests that this protein could indeed be part of a non-microtubule matrix 
structure in yeast (van Hemert et al., 2002, Bloom, 2002). 
Although the above-mentioned proteins are promising structural candidates of 
the putative spindle matrix, none of them show the ability to form a matrix structure 
that spans the whole bipolar spindle as predicted by the spindle matrix hypothesis. 
For example, NuMA/Asp/Msps-D-TACC form a matrix only around the poles and 
Eg5 or Aselp localization only hints at a spindle midzone matrix. Thus for the 
spindle matrix to exist, there has to be protein/s that forms a matrix structure 
expanding throughout the bipolar microtubule spindle. 
Recently, the concept of spindle matrix has been revived by identification of 
Skeletor, a credible spindle matrix protein forming a pole-to-pole fusiform spindle 
structure. 
Skeletor, a founding member of the spindle matrix structure 
Skeletor was identified from the study of a Drosophila nuclear antigen that 
showed an intriguing dynamic immunostaining pattern during mitosis in Drosophila 
embryos (Johansen, 1996; Johansen et al., 1996; Walker et al., 2000). The Skeletor 
gene has been mapped to the right arm of the third chromosome at region 86C01-02 
by in situ hybridization and deficiency analysis. It encodes two alternatively spliced 
transcripts of 6.5Kb and 1.6Kb. The smaller transcript of 1.6Kb corresponds to a 
23 
32kD protein with unknown function. The larger 6.5Kb transcript has bicistronic 
potential and the two possible open reading frames have been designated as 
ORF1b and ORF2. The protein product of ORF1b has not been observed, while the 
81 kD ORF2 protein product corresponds to Skeletor, which has been confirmed by 
immunoblot and immunoprecipitation analysis. 
Immunostaining of Skeletor reveals that Skeletor is associated with 
chromosomes at the interphase, which is confirmed by the staining pattern of the 
larval polytene chromosome squashes. At prophase Skeletor dissociates from the 
chromosomes and reorganizes within the nucleus to form a spindle like structure. 
Some of the Skeletor protein colocalizes with the nuclear lamina at this stage. 
Skeletor redistribution and formation of the spindle structure within the nucleus 
appears to occur before the breakdown of the nuclear envelope and entry of the 
microtubules into the nuclear interior. During metaphase Skeletor antibody labels a 
complete bipolar fusiform spindle structure and the "Skeletor-defined" spindle and 
the microtubule spindle co-align. The "Skeletor-defined" spindle maintains its bipolar 
fusiform structure across the spindle equator during anaphase, when the 
chromosomes segregate. At telophase, Skeletor begins to reassociate with 
decondensing chromosomes and regains its interphase localization. Microtubule 
perturbation experiments using nocodazole revealed that the Skeletor-defined 
spindle persists even after microtubule depolymerization and thus is independent of 
the microtubule spindle in Drosophila embryos. Furthermore, microinjection of anti-
Skeletor antibody in Drosophila embryos leads to mislocalized and fragmented 
nuclei, indicating its Skeletor's role in nuclear organization and division. Thus the 
Skeletor-defined spindle exhibits all the properties predicted for a spindle matrix 
component. 
The Skeletor spindle at metaphase displays a close association with the 
interpolar microtubules at the spindle equator. The interpolar microtubules are found 
at a higher density near the poles, but at the spindle midzone the density decreases. 
Thus the presence of a pole to pole continuous Skeletor spindle makes it an ideal 
matrix candidate to stabilize the microtubule bundles at midzone and provides a 
structural support for anchoring of motor proteins like bipolar kinesin, KLP61F/Eg5, 
during microtubule sliding. Existence of the Skeletor-spindle in its true fusiform pole-
to-pole structure during chromosome segregation in anaphase A suggests that the 
Skeletor-defined spindle matrix structure may play a role in the maintenance of the 
microtubule spindle structure and length at this stage. It might also act as an 
anchoring strut for the attachment of the Kin I kinesins involved in microtubule 
depolymerization at the spindle midzone and the poles (Scholey et al., 2001). 
Though the Skeletor defined spindle exhibits properties of a putative spindle 
matrix protein, it encodes a low complexity protein with no obvious structural motifs, 
thus making it unlikely that Skeletor is the structural spindle matrix protein but rather 
a part of a multiprotein complex. In this study, I will report on the identification of two 
additional putative spindle matrix components that interact with Skeletor and are 
proposed to be a part of the macromolecular spindle matrix structure. 
25 
Advantages of using Drosophila melanogaster as a model system 
Drosophila melanogaster is an extremely tractable genetic model system that 
is ideally suited for studying mitosis and the components of the spindle matrix. 
Drosophila embryos provide a unique and very powerful system to study spindle 
dynamics. The first thirteen nuclear cycles of Drosophila embryonic development are 
synchronous, where the relatively large nuclei divide rapidly within a syncytium 
without cell membranes. The main advantage of studying cell cycle components in 
embryos is that their rapid cell cycle does not include any quality control checkpoints 
found in later stages of the Drosophila life cycle, which would cause a delay in 
mitotic progression due to defects in chromosome alignment during metaphase. 
Thus, a direct effect can be observed for inhibition studies of different cell cycle 
related components. Furthermore, the large size of the nuclei permits the use of 
high-resolution microscopy for imaging. In the larval stage, the salivary glands can 
be used for squash preparations in order to study the distribution of proteins on the 
chromosomes. In recent years identification and functional characterization of 
unknown genes has been greatly facilitated due to the availability of materials and 
results from the fully sequenced and annotated genome, compiled databases, 
transposon-inserted lines, genome-wide in situ analysis, genome-wide RNAi, and 
genome-wide yeast two-hybrid assays (Spradling et al., 1995; Miklos and Rubin, 
1996; Celniker, 2000; Celniker and Rubin, 2003). 
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CHAPTER 2: CHROMATOR, A NOVEL AND ESSENTIAL 
CHROMODOMAIN PROTEIN INTERACTS DIRECTLY WITH THE 
PUTATIVE SPINDLE MATRIX PROTEIN SKELETOR1 
Uttama Rath, Dong Wang, Yun Ding, Ying-Zhi Xu, Hongying Qi, Melissa J. Blacketer, 
Jack Girton, Jorgen Johansen and Kristen M. Johansen 
ABSTRACT 
We have used a yeast two-hybrid interaction assay to identify Chromator, a 
novel chromodomain containing protein that interacts directly with the putative 
spindle matrix protein Skeletor. Immunocytochemistry demonstrated that Chromator 
and Skeletor show extensive co-localization throughout the cell cycle. During 
interphase Chromator is localized on chromosomes to interband chromatin regions 
in a pattern that overlaps that of Skeletor. However, during mitosis both Chromator 
and Skeletor detach from the chromosomes and align together in a spindle-like 
structure. Deletion construct analysis in S2 cells showed that the COOH-terminal 
half of Chromator without the chromodomain was sufficient for both nuclear as well 
as spindle localization. Analysis of P element mutations in the Chromator locus 
shows that Chromator is an essential protein. Furthermore, RNAi depletion of 
Chromator in S2 cells leads to abnormal microtubule spindle morphology and to 
1This paper was published in Journal of Cellular Biochemistry, 93: 1033-1047, 2004. 
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chromosome segregation defects. These findings suggest that Chromator is a 
nuclear protein that plays a role in proper spindle dynamics during mitosis. 
INTRODUCTION 
A mitotic spindle is present in all known eukaryotic cells and its function is 
essential for proper chromosomal segregation and cell division to occur (reviewed 
in Mitchison and Salmon, 2001). The spindle apparatus is a complex molecular 
machine known to be comprised of polymerized tubulin and various associated 
motor proteins (reviewed in Karsenti and Vernos, 2001). Although much work has 
been directed towards understanding mitotic spindle apparatus structure and 
function, it is still unclear what directs and stabilizes the assembly of the spindle 
(Pickett-Heaps et al., 1997). For these reasons and based on theoretical 
considerations of the requirement for force production at the spindle the concept of 
a spindle matrix has long been proposed (reviewed in Pickett-Heaps et al., 1982; 
Pickett-Heaps et al., 1997; Wells, 2001). In its simplest formulation a spindle 
matrix is hypothesized to provide a more or less stationary substrate that provides 
a backbone or strut for motor molecules to interact with during force generation and 
microtubule sliding (Pickett-Heaps et al., 1997). Such a matrix could also be 
envisioned to have the added properties of helping to organize and stabilize the 
microtubule spindle. However, direct molecular or biochemical evidence for such a 
matrix has been elusive (Scholey et al., 2001 ; Wells, 2001 ; Bloom 2002; Kapoor 
and Compton, 2002; Johansen and Johansen, 2002). 
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In Drosophila we have recently identified a candidate spindle matrix protein 
that we named Skeletor (Walker et al., 2000). Skeletor is an 81 kD protein that is 
associated with chromosomes at interphase but at prophase redistributes into a true 
fusiform spindle that precedes microtubule spindle formation (Walker et al., 2000). 
During metaphase the "Skeletor-spindle" and the microtubule spindles are co-
aligned. Importantly, during anaphase when the chromosomes segregate the 
Skeletor-defined spindle maintains its fusiform spindle structure from end to end 
across the midregion previously comprising the metaphase plate. At telophase the 
chromosomes start to décondense and reassociate with Skeletor where the two 
daughter nuclei are forming while Skeletor continues to also define a spindle in the 
midregion. When embryos are treated with nocodazole to disassemble the 
microtubules, the Skeletor spindle persists. Thus, the Skeletor-defined spindle 
exhibits many of the key properties predicted for the spindle matrix (Walker et al., 
2000; Scholey et al., 2001 ; Wells, 2001 ; Johansen and Johansen, 2002). 
However, Skeletor encodes a low-complexity protein with no obvious motifs making 
it unlikely that Skeletor itself is a structural component of a spindle matrix but rather 
that it is a member of a multi-protein complex. In searching for other members of 
such a complex we used a yeast two-hybrid screen to identify a protein directly 
interacting with Skeletor that we have named Chromator. Chromator contains a 
chromodomain and co-localizes with Skeletor on the chromosomes at interphase as 
well as to the Skeletor-defined spindle during metaphase. Furthermore, functional 
assays using P-element insertion mutants and RNAi in S2 cells suggest that 
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Chromator is an essential protein that affects spindle function and chromosome 
segregation. 
MATERIALS AND METHODS 
Drosophila Stocks 
Fly stocks were maintained according to standard protocols (Roberts, 1986). 
Oregon-R or Canton-S was used for wild-type preparations. The y1; p{y+mDint2 
w
BREBR
=SUPor-P}KG03258 ry506/TM3, Sb1Ser1 (KG03258) stock was obtained from 
the Bloomington Drosophila Stock Center and the p{y+mDint2 MPREBR=sUPor-
P}KG06256 r)^06/TM3, Sb1 Ser1 (KG06256) stock was obtained from the 
Baylor/BDGP Gene Disruption Project (Bellen et al., 2004). The y w; A2-3 
Sb/TM2Ubx e stock was the generous gift of Dr. Linda Ambrosio (Iowa State 
University). 
Identification and molecular characterization of Chromator 
Skeletor cDNA sequence (AF321290) containing residues 215-474 was 
subcloned in-frame into the yeast two hybrid bait vector pGBKT7 (Clontech) using 
standard methods (Sambrook et al., 1989) and verified by sequencing (Iowa State 
University (ISU) Sequencing Facility). The Skeletor bait was used to screen the 
Clontech Matchmaker 0-21 h embryonic Canton-S yeast two-hybrid cDNA library 
according to the manufacturer's instructions as well as a Drosophila 0-2 h embryonic 
yeast two-hybrid library (the generous gift of Dr. L. Ambrosio, Iowa State University). 
Positive cDNA clones were isolated from both libraries, retransformed into yeast 
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cells containing the Skeletor bait to verify the interaction, and sequenced. Homology 
searches identified the interacting clones as comprised of partial coding sequences 
from the CG10712 locus. Several ESTs (RE33863, RE01873, RE35827, RE37221 
LD39127, LD43522, GM27059 and SD06626) obtained from the Berkeley 
Drosophila Genome Project were sequenced and used to assemble the full-length 
Chromator coding sequence. The Chromator sequence was compared with known 
and predicted sequences using the National Center for Biotechnology Information 
BLAST e-mail server. The sequence was further analyzed using SMART (Simple 
Modular Architecture Research Tool; http://smart.embl-heidelberg.de/) to predict the 
domain organization of the protein. 
Antibodies 
Residues 601-926 and 1-260 of the predicted Chromator protein were 
subcloned using standard techniques (Sambrook et al., 1989) into the pGEX-4T-1 
vector (Amersham Pharmacia Biotech) to generate the constructs GST-421 and 
GST-260. The correct orientation and reading frame of the inserts were verified by 
sequencing. The GST-421 and GST-260 fusion proteins were expressed in XL1-
Blue cells (Stratagene) and purified over a glutathione agarose column (Sigma-
Aldrich), according to the pGEX manufacturer's instructions (Amersham Pharmacia 
Biotech). The mAbs 6H11, 8012, and 6A2 were generated by injection of 50 jig of 
GST-421 and the mAb 12H9 by injection of 50 ^g of GST-260 into BALB/c mice at 
21 d intervals. After the third boost, mouse spleen cells were fused with Sp2 
myeloma cells and monospecific hybridoma lines were established using standard 
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procedures (Harlow and Lane, 1988). A mAb specific to GST, 8C7, was similarly 
generated. The mAb 6H11 is of the lgG1 subtype. All procedures for mAb 
production were performed by the Iowa State University Hybridoma Facility. The 
anti-Skeletor mAb 1A1 and Bashful antiserum have been previously described 
(Walker et al., 2000). Anti-a-tubulin, anti-V5 and anti-GFP antibody were obtained 
from commercial sources (Sigma-Aldrich, Invitrogen, and Molecular Probes, 
respectively). 
Biochemical Analysis 
SDS-PAGE and immunoblotting. SOS-PAGE was performed according to 
standard procedures (Laemmli, 1970). Electroblot transfer was performed as in 
Towbin et al. (1979) with transfer buffer containing 20% methanol and in most cases 
including 0.04% SDS. For these experiments we used the Bio-Rad Mini PROTEAN 
II system, electroblotting to 0.2 pm nitrocellulose, and using anti-mouse HRP-
conjugated secondary antibody (Bio-Rad) (1:3000) for visualization of primary 
antibody diluted 1:1000 in Blotto. The signal was visualized using chemiluminescent 
detection methods (ECL kit, Amersham). The immunoblots were digitized using a 
flatbed scanner (Epson Expression 1680). For quantification of immunolabeling, 
digital images of exposures of immunoblots on Biomax ML film (Kodak) were 
analyzed using the Imaged software as previously described (Wang et al., 2001). In 
these images the grayscale was adjusted such that only a few pixels in the wild type 
lanes were saturated. The area of each band was traced using the outline tool and 
the average pixel value determined. Levels in KG06256 and KG03258 mutant 
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larvae were determined as a percentage relative to the level determined for wild type 
control larvae using tubulin levels as a loading control. In RNAi experiments 
Chromator levels were normalized using tubulin loading controls for each sample. 
Pull-down experiments. For in vitro pull down assays, residues 215-474 of 
Skeletor was subcloned in-frame into the Pinpoint Xa-2 vector (Promega) and 
expressed in XL-1 Blue cells (Stratagene). For GST pull down assays, 
approximately 3 jag of GST-421 and GST protein alone were coupled to glutathione 
agarose beads (Sigma) and incubated with 0.5 ml cell extract expressing 
biotinylated Skeletor (Bio-Skel) in immunoprecipitation (ip) buffer (20 mM Tris-HCI 
pH 8.0, 10 mM EDTA, 1 mM EGTA, 150 mM NaCI, 0.1% Triton X-100, 0.1% Nonidet 
P-40, 1 mM Phenylmethylsulfonyl fluoride, and 1.5 jig Aprotinin) overnight at 4°C. 
The protein complex coupled beads were washed with 1 ml of IP buffer and 
analyzed by SOS-PAGE and western blotting using Streptavidin tagged Alkaline 
Phosphatase according to the manufacturer's instructions (Promega). Similarly for 
avidin pull down assays, Bio-Skel or the biotinylation tag alone was bound to 
immobilized Streptavidin beads (Pierce) and incubated with 3 ^g of GST-421 in 50 pil 
of immunoprecipitation buffer. The resulting complexes were then analyzed by SDS 
PAGE and western blotting using anti-GST antibody. 
Immunoprecipitation assays. For co-immunoprecipitation experiments, anti-
Skeletor or anti-Chromator antibodies were coupled to protein A beads (Sigma) as 
follows: 10 pi of Bashful anti-Skeletor serum or 10 ml of mAb 6H11 was coupled to 
30 pi protein-A Sepharose beads (Sigma) for 2.5 h at 4 C on a rotating wheel in 50 
pi ip buffer. The appropriate antibody-coupled beads or beads only were incubated 
overnight at 4°C with 200 pi of 0-3 h embryonic lysate on a rotating wheel. Beads 
were washed 3 times for 10 min each with 1 ml of ip buffer with low speed pelleting 
of beads between washes. The resulting bead-bound immunocomplexes were 
analyzed by SDS-PAGE and Western blotting according to standard techniques 
(Harlow and Lane, 1988) using mAb 6H11 to detect Chromator. 
Immunohistochemistry 
Antibody labelings of 0-3 h embryos were performed as previously described 
(Johansen et al., 1996, Johansen and Johansen, 2003). The embryos were 
dechorionated in a 50% Chlorox solution, washed with 0.7 M NaCI/0.2% Triton X-
100 and fixed in a 1:1 heptane:fixative mixture for 20 min with vigorous shaking at 
room temperature. The fixative was either 4% paraformaldehyde in phosphate 
buffered saline (PBS) or Bouin's fluid (0.66% picric acid, 9.5% formalin, 4.7% acetic 
acid). Vitelline membranes were then removed by shaking embryos in heptane-
methanol (Mitchison and Sedat, 1983) at room temperature for 30 sec. S2 cells 
were affixed onto poly-L-lysine coated coverslips and fixed with Bouin's fluid for 10 
min at 24°C and methanol for 5 min at -20°C. The cells on the coverslips were 
permeabilized with PBS containing 0.5% Triton X-100 and incubated with diluted 
primary antibody in PBS containing 0.1% Triton X-100, 0.1% sodium azide, and 1% 
normal goat serum for 1.5 h. Double and triple labelings employing epifluorescence 
were performed using various combinations of antibodies against Chromator (mAb 
6H11, lgG1), Skeletor (mAb 1A1, IgM), anti-a-tubulin mouse lgG1 antibody (Sigma), 
V5-antibody (lgG2A), GFP-antibody (rabbit polyclonal serum), and Hoechst to 
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visualize the DNA. The appropriate TRITC-, and FITC-conjugated secondary 
antibodies (Cappel/ICN) were used (1:200 dilution) to visualize primary antibody 
labeling. Confocal microscopy was performed with a Leica confocal TCS NT 
microscope system equipped with separate Argon-UV, Argon, and Krypton lasers 
and the appropriate filter sets for Hoechst, FITC, and TRITC imaging. A separate 
series of confocal images for each fluorophor of double labeled preparations were 
obtained simultaneously with z-intervals of typically 0.5 pm using a PL APO 
100X/1.40-0.70 oil objective. A maximum projection image for each of the image 
stacks was obtained using the ImageJ software. In some cases individual slices or 
projection images from only two to three slices were obtained. Images were 
imported into Photoshop where they were pseudocolored, image processed, and 
merged. In some images non-linear adjustments were made for optimal 
visualization especially of Hoechst labelings of nuclei and chromosomes. Polytene 
chromosome squash preparations from late third instar larvae were immunostained 
by the Skeletor antibody mAb 1A1 and Chromator antibody mAb 6H11 essentially as 
previously described by Zink and Paro (1989) and by Jin et al. (1999). 
Expression of Chromator constructs in transfected S2 cells 
A full length Chromator (926 aa) construct was cloned into the pMTA/5-HisB 
vector (Invitrogen) with and without a GFP tag in-frame at the NH2-terminus and an 
in-frame V5 tag at the COOH-terminal end using standard methods (Sambrook et 
al.,1989). The NH2-terminal domain of Chromator from residue 1-346, containing the 
chromodomain, was subcloned into the pMTA/5-HisA vector (Invitrogen) with an in-
frame V5-tag at the COOH-terminal. Similarly a COOH-terminal domain of 
Chromator from residue 329-926 was subcloned into the pMT/V5-HisB vector 
(Invitrogen) with an in-frame GFP tag at the NH2-terminus or with a V5-tag at the 
COOH-terminus using standard methods (Sambrook et al.,1989). The fidelity of all 
constructs was verified by sequencing at the Iowa State University Sequencing 
facility. 
Drosophila Schneider 2 (S2) cells were cultured in Shields and Sang M3 
insect medium (Sigma) supplemented with 10% fetal bovine serum, antibiotics and 
L-Glutamine at 25°C. The S2 cells were transfected with different Chromator 
subclones using a calcium phosphate transfection kit (Invitrogen) and expression 
was induced by 0.5 mM CuSCU- Cells expressing Chromator constructs were 
harvested 18-24 h after induction and affixed onto poly-L-lysine coated coverslips for 
immunostaining and Hoechst labeling. 
RNAi interference 
dsRNAi in S2 cells was performed according to Clemens et al. (2000). A 780 
bp fragment encoding the 5' end of Chromator cDNA was PCR amplified and used 
as templates for in vitro transcription using the Megascript™ RNAi kit (Ambion). 40 
l^g of synthesized dsRNA was added to 1 X 106 cells in six-well cell culture plates. 
Control dsRNAi experiments were performed identically except pBluescript vector 
sequence (800 bp) was used as template. The dsRNA treated S2 cells were 
incubated for 120 h and then processed for immunostaining and immunoblotting. For 
immunoblotting 105 cells were harvested, resuspended in 50 ^l of S2 cell lysis buffer 
36 
(50 mM Tris-HCI, pH 7.8, 150 mM NaCI, and 1% Nonidet P-40), boiled and analyzed 
by SDS-PAGE and western blotting with anti-Chromator antibody (mAb 6H11), anti-
ex tubulin antibody. 
Analysis of P-element mutants 
Viability assays. The effect on viability of each P insert was tested by 
examining the survival rate of the progeny of a y1 w1118\ KG06256/TM6, Sb1, Tb1, e 
stock and a y1 w1118\ KG03258/TM6, Sb1, Tb1, e stock. For these assays eggs were 
collected on standard yeasted agar plates and incubated at 21 °C. Hatching viability 
was measured by counting the number of unhatched eggs after 48 h. Given that 1/4 
of the eggs do not hatch due to TM6/TM6 embryonic lethality, the results from both 
stocks indicate that there is no significant embryonic lethality of KG03258/KG03258 
(0.735 hatching rate) or KG06256/KG06256 (0.720 hatching rate) individuals 
produced by heterozygous mothers. To measure survival to the adult stage larvae 
were collected shortly after hatching and allowed to develop. The number of 
heterozygote adults (Sb) was compared with the number of homozygotes (Sb+). 
The ratio of KG03258/KG03258 to heterozygotes (0/479) and KG06256/ KG06256 
to heterozygotes (0/399) indicates that larvae homozygous for either P insertion do 
not survive to the adult stage. 
Complementation analysis. The two P inserts were tested in a standard 
reciprocal cross complementation test to determine whether they affect the same 
lethal function. Males from a y1 w1118\ KG03258/TM3, Sb1, Ser1 stock were crossed 
with females from a y1 w1118\ KG06256/TM6, Sb1, Tb1, e stock or vice versa. The 
progeny were scored for surviving adults that had a Sb+ phenotype, which should 
have been KG06256/KG03258. The expected Mendelian ratio of S b+ to S b, 
assuming complete complementation would be 1:2. The observed numbers from 
two combined crosses was 1:2.1 (197:420). This is not statistically different from the 
expected numbers (p>0.1 Chi-square test). 
P-element excision. The SUPor-P element of y1; P {y+mDint2 wBREBR=SUPor-
PJKG03258 ry506/TM3, Sb1Ser1 was mobilized by a A2-3 transposase source (y w; 
A2-3Sb/TM2Ubx e) (Robertson et al., 1988). Several fly lines in which the SUPor-P 
element had been excised were identified by their white eye color. Three precise 
excisions were confirmed by polymerase chain reaction (PGR) analysis using 
primers corresponding to the SUPor-P element and/or the genomic sequences 
flanking it. DNA isolation from single flies and PGR reaction were performed as 
described in Preston and Engels (1996). The precise excision lines were further 
analyzed for viability as described above and for restoration of Chromator protein 
levels by immunoblotting. Protein extracts were prepared by homogenizing crawling 
second instar larvae in IP buffer. Homozygous KG03258 larvae were identified by 
the absence of the tubby marker. Proteins were separated on SDS-PAGE and 
analyzed by western blotting with anti-Chromator antibody (mAb 6H11) and anti-a 
tubulin antibody. 
38 
RESULTS 
The putative spindle matrix protein Skeletor interacts with a novel 
chromodomain protein 
In order to identify candidates for proteins comprising the putative spindle 
matrix macromolecular complex we conducted yeast two-hybrid interaction assays 
using a Skeletor bait construct containing amino acids 215 through 474 that alone 
was unable to activate transcription of the reporter genes. Two different embryonic 
yeast two-hybrid libraries were screened (0-2 hr and 0-21 hr) and two interacting 
clones comprised of partial CG10712 coding sequences were identified, one from 
each library. We then sequenced several ESTs corresponding to this locus and 
assembled the complete 926 amino acid sequence of the gene (Fig. 1A). Analysis 
of the isolated Chromator yeast two-hybrid library clones suggest that the interaction 
region with Skeletor is COOH-terminally located between residue 601 and 926 (Fig. 
1B). In addition, we identified at least three alternative transcripts due to variant use 
of different 5' exons as depicted in Fig. 1B. Each transcript, however, contains the 
same putative start codon and open reading frame (ORF) suggesting the alternative 
transcripts encode identical gene products. Although 5' to the ATG-containing exon 
there is alternative exon usage, 3' to the ATG-containing exon the exons are 
invariant. Residues 216 - 260 of the predicted protein encode a chromodomain 
(Para and Hogness, 1991; reviewed in Eissenberg, 2001) (black box in Fig. 1B) and 
for this reason we named the protein Chromator. Outside of the chromodomain, 
Chromator does not contain any previously described conserved motifs. 
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We generated four different mAbs against Chromator, mAb 6H11, mAb 8D12, 
mAb 6A2 and mAb 12H9. All four antibodies recognize a doublet band migrating at 
approximately 130 kD (as exemplified by mAb 6H11 in Fig. 1C) which is slightly 
larger but consistent with the predicted molecular mass of Chromator of 101 kD. 
The 130 kD doublet band immunoreactivity is specifically competed away if the 
antibodies are preadsorbed with a GST-Chromator fusion protein but not with GST 
alone (data not shown) supporting the specificity of the antibodies. The doublet 
indicates that Chromator may undergo posttranslational modifications and it is 
possible that such modifications regulate the interaction between Chromator and 
Skeletor. To confirm the physical interaction with Skeletor, we performed in vitro pull 
down experiments using a PinPoint vector (Promega) construct that produces 
biotinylated Skeletor fusion protein and GST-Chromator fusion protein produced in 
E. coli. Whereas the biotinylation target peptide encoded by the PinPoint vector 
alone was not able to pull down Chromator when purified using avidin beads, 
biotinylated Skeletor PinPoint fusion protein pulled down a band corresponding to 
the size of GST-Chromator (Fig. 2A). In the converse experiment, GST-Chromator 
fusion protein was able to pull down biotinylated Skeletor using GST-beads whereas 
GST protein alone was not (Fig. 2B). These results support the existence of a direct 
physical interaction between Skeletor and Chromator. In addition, we performed co-
immunoprecipitation experiments using embryonic lysates in order to address 
whether Chromator and Skeletor can interact in vivo. For these experiments 
proteins were extracted from Drosophila embryos, immunoprecipitated with Skeletor 
or Chromator antibody, fractionated on SDS-PAGE after the immunoprecipitation, 
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immurioblotted, and probed with antibody to Chromator. Figure 2C shows such an 
immunoprecipitation experiment where the immunoprecipitate of both Chomator and 
Skeletor antibody was detected as an identical 130 kD band that was also present in 
the embryo lysate. This band was not present in lanes where immunobeads only 
were used for the immunoprecipitation. These results provide further evidence that 
Chromator and Skeletor are present in the same protein complex. 
Localization of Chromator during the cell cycle 
Skeletor localizes to chromatin during interphase and to a spindle-like 
structure during late prophase through anaphase (Walker et al., 2000). Thus, it is 
possible that selection for interaction partners of Skeletor would identify other 
chromatin-specific proteins in addition to those involved in spindle or spindle matrix 
functions. For this reason it was important to examine Chromator's distribution 
during the cell cycle. Therefore we performed double labelings using mAb 6H11 
(lgG1) anti-Chromator and mAb 1A1 (IgM) anti-Skeletor antibodies on fixed syncytial 
blastoderm embryos at different stages of mitosis. Figure 3 shows that Chromator 
co-localizes with Skeletor during interphase and reorganizes to form a spindle at 
metaphase that co-localizes with the Skeletor spindle. However, it should be noted 
that at this stage Chromator is also found on the centrosomes. A further distinction 
between the Skeletor and Chromator localization patterns is evident at telophase 
when Skeletor begins to redistribute to the decondensing chromosomes whereas at 
this stage the majority of Chromator is localized to the spindle midbody with 
significant levels also observed at the centrosomes. 
We also more closely analyzed Chromator's interphase distribution by triple 
labeling chromosome squash preparations of late third instar larval polytene 
chromosomes with anti-Chromator and anti-Skeletor antibodies and with Hoechst to 
visualize the DNA. Figure 4 shows an example of such an experiment in which 
Chromator was found to localize to many distinct bands on the chromosomes (Fig. 
4A). Anti-Skeletor antibody labeling also shows a large number of chromosomal 
bands as well as nucleolar staining (Fig. 4B). Although the nucleolus and some of 
the Skeletor-positive bands do not co-localize with Chromator, all of the Chromator-
labeled bands are also found to label with anti-Skeletor antibody, as shown in the 
composite labeling panel (Fig. 4E). Interestingly, the localization of the Chromator 
and Skeletor antibody labeled chromatin bands correspond to interband regions with 
only very limited overlap to regions of strong Hoechst staining (Fig. 4C) suggesting 
that the two proteins are associated with regions of euchromatin where the majority 
of active genes reside (Fig. 4D and F). 
The spindle localization of Chromator is not restricted to the early embryonic 
cycles of nuclear division that lack the normal cell cycle checkpoints. We analyzed 
Chromator distribution in the S2 cell line which is a cell line that was originally 
derived from later stage embryonic cells (-16 hour). In these cells, Chromator 
shows a similar distribution pattern to that of syncytial blastoderm embryos (Fig. 5). 
At interphase Chromator co-localizes with Skeletor in the nuclei (Fig. 5, upper panel) 
whereas at metaphase Chromator and Skeletor are co-localized at a spindle-like 
structure distinct from the chromosomes congregated at the metaphase plate (Fig. 5, 
middle panel). However, in contrast to Skeletor-labeling which does not extend to 
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the centrosomes Chromator-labeling extends all the way to the spindle poles and 
includes centrosomes. At late telophase both Chromator- and SkeletoMabeling 
associates with the reforming daughter nuclei while an appreciable level of 
Chromator-labeling was also found at the midbody region (Fig. 5, lower panel). 
Chromator is an essential gene 
Two SUPor-P (Roseman et al., 1995) elements have been found to be 
inserted into the CG10712 region between the predicted Chromator coding 
sequence and a second gene ss/7 transcribed from the opposite strand (Fig. 6A). 
We verified the P element insertion sites by polymerase chain reaction (PCR) 
analysis using primers corresponding to genomic sequences flanking the region and 
sequencing the PCR product. In KG03258 flies the P element is inserted within the 
first intron of Transcript B and Transcript C and 50 bp before the first exon of 
Transcript A (Fig. 6A). In KG06256 flies the P element is inserted 5' to the initiation 
sites of the first exon for both Transcripts B and C. We analyzed the effect on 
viability (see Materials and Methods) of both insertions and found that each is 
homozygous lethal with KG03258 animals not surviving past 2nd instar larval stages 
and KG06256 animals dying during larval and pupal stages. However, 
complementation analysis shows that KG03258/KG06256 animals are viable (see 
Materials and Methods) indicating that these alleles can complement and that they 
therefore either affect different genes or they affect a gene exhibiting complex 
complementation. That they affect different genes would be consistent with the 
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genomic organization in the region with the ssl1 gene being transcribed from the 
opposite strand just upstream from the Chromator gene (Fig. 6A). 
In order to determine which P element insertion affects the Chromator gene, 
we fractionated proteins from wild-type or homozygous mutant second or third instar 
larval extracts on SDS-PAGE gels, Western blotted the proteins onto nitrocellulose, 
and probed with mAb 6H11 anti-Chromator antibody (Fig. 6B). Homozygous 
KG06256 third instar larvae contained near wild-type levels of Chromator protein 
(93.3±11.0%, n=6), whereas the few KG03258 animals surviving to 2nd instar 
stages lacked or had severely reduced Chromator protein levels (2.2±2.1%, n=6) 
(Fig. 6B). Any residual protein observed likely reflects remaining maternally-derived 
Chromator since significant levels of Chromator protein were present in 0-2 hr 
embryos (data not shown). Thus, the stage of 2nd instar lethality for homozygous 
KG03258 mutant animals correlates well with the loss of Chromator protein in these 
animals. Based on these results, we propose that KG03258 is a lethal loss-of-
function mutation in the Chromator gene. The presence of abundant Chromator 
protein in the homozygous KG06256 mutant suggests the lethality of this mutation is 
likely due to the neighboring ssl1 gene. Furthermore, based on the 
complementation analysis ssl1 gene function does not appear to be affected by the 
KG03258 P-element insertion. 
In a recent study, it was found that in a significant percentage of lethal 
mutant lines carrying characterized P insertions, the lethal mutation was not directly 
associated with the P insertion event itself (Bellotto et al., 2002). For this reason it 
was essential to confirm that the P insertion is the source of lethality for the 
KG03258 allele. In order to address this concern, we screened for precise excision 
events by introducing the A2-3 transposase to mobilize the transposon and then 
selecting for loss of the mini-white and yellow markers that are carried by the SUPor-
P element. Stocks established from such flies were then analyzed by PGR to 
characterize the nature of the excision event to identify those lines with precise 
excisions of the P element. Test crosses of such lines demonstrated that the 
precise excision of the SUPor-P element restored Chromator expression and 
viability to flies that were homozygous for the third chromosome that had previously 
carried the KG03258 insertion (data not shown). That precise excision of the 
KG03258 SUPor-P element restores Chromator expression and viability supports 
that the lethality observed in the KG03258 mutant line was directly due to the 
insertion of the P element in the Chromator region. 
Functional consequences of reduced Chromator protein levels 
The yeast two-hybrid, pull-down, and immunolabeling results are consistent 
with that Skeletor and Chromator physically interact, although we cannot at present 
distinguish whether this interaction occurs at interphase, during mitosis, or both. 
However, the Chromator distribution pattern and its co-localization with Skeletor 
during metaphase suggest that Chromator has the potential to play a functional role 
in chromosome segregation during mitosis. Unfortunately, this hypothesis cannot be 
tested in homozygous KG03258 embryos due to the presence of maternally derived 
Chromator protein which masks any potential phenotypes. Furthermore, these 
animals die as early second instar larvae before brain squashes of dividing 
neuroblasts can be reliably analyzed. For these reasons, we employed RNAi 
methods in S2 cells to deplete Chromator protein levels and to assay for phenotypic 
consequences during cell division of loss of Chromator by anti-tubulin and Hoechst 
labeling of the cells (Fig. 7). The degree of Chromator knock down in the cultures 
was determined by immunoblot analysis. In five separate experiments we reduced 
the Chromator protein level to an average of 27±15% (range 10-42%) that of mock 
treated controls. In these experimental cell cultures we observed numerous 
examples of spindle and chromosome segregation defects, including misshapen 
spindles and misaligned and/or lagging chromosomes (Fig. 7B) that were rarely 
observed in control cells mock treated with pBluescript vector sequence dsRNA. We 
quantified the difference between experimental and control treated cells by counting 
the number of such phenotypes in fields of constant size in each of the cultures. 
Experimental fields had 178+43, n=5 phenotypes versus 5±1, n=5 in control fields. 
This difference is statistically significant on the p<0.001 level (Student's t-test). 
However, we did not observe any obvious perturbations of nuclear or chromatin 
structure in interphase S2 cell nuclei. These results suggest that depletion of 
Chromator results in severe chromosome segregation defects as well as spindle 
abnormalities in S2 cells and supports the hypothesis that Chromator plays a 
functional role in mitosis.Similar experiments were carried out with Skeletor dsRNA; 
however, no phenotypes were observed (unpublished results). 
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The COOH-terminal fragment of Chromator is sufficient for nuclear and 
spindle localization 
Sequence analysis of Chromator identified only one previously known motif or 
domain, the chromodomain. Chromodomains (chromatin organization modifier 
domains) were first described by Paro and Hogness (1991) and are as the name 
implies generally thought to be involved in mediating associations with chromatin 
(Brehm et al., 2004). We therefore tested whether the chromodomain plays a role in 
the localization of Chromator to the nucleus. We made three kinds of constructs 
containing Chromator sequences for expression in S2 cells carrying either an NH2-
terminal GFP-tag, a COOH-terminal V5-tag, or both. The three constructs were a 
full length Chromator construct (FL-Chr), an NH2-terminal construct (NT-Chr) 
containing sequence from the starting methionine to residue 346 that includes the 
chromodomain, and a COOH-terminal construct (CT-Chr) from residue 329 to the 
terminal tyrosine residue without the chromodomain. Identical results were obtained 
with GFP- and/or V5-tagged constructs. Figure 8 shows examples of expression of 
these constructs in transiently or stably transfected S2 cells. The GFP-FL-Chr-V5 
construct localizes to the nucleus although its overexpression often leads to 
aggregation (Fig. 8A). The NT-Chr-V5 construct containing the chromodomain is not 
targeted to the nucleus and remains in the cytoplasm (Fig. 8B). GFP alone localizes 
to the cytoplasm (data not shown). In contrast, the GFP-CT-Chr construct is 
localized to the nucleus at interphase, co-localizes with the tubulin spindle at 
metaphase, and is present at the midbody overlapping with tubulin while 
redistributing to the forming daughter nuclei at telophase (Fig. 8C). Thus the 
localization of the COOH-terminal Chromator construct during the cell cycle 
phenocopies that of endogenous Chromator observed with Chromator antibody 
labeling. This indicates that the chromodomain is not necessary for targeting of 
Chromator to the nucleus but rather that COOH-terminal sequences are sufficient for 
both nuclear and spindle localization. 
DISCUSSION 
In this study we provide evidence that the putative spindle matrix protein 
Skeletor molecularly interacts with a novel chromodomain containing protein, 
Chromator. This interaction was first detected in a yeast two-hybrid screen and 
subsequently confirmed by pull-down assays. Furthermore, immunocytochemical 
labeling of Drosophila embryos, S2 cells, and polytene chromosomes demonstrate 
that the two proteins show extensive co-localization during the cell cycle although 
their distributions are not identical. During interphase Chromator is localized on 
chromosomes to interband chromatin regions in a pattern that overlaps that of 
Skeletor. However, a major difference is that Skeletor, unlike Chromator, also is 
present in the nucleolus. During mitosis both Chromator and Skeletor detach from 
the chromosomes and align together in a spindle-like structure with Chromator 
additionally being localized to centrosomes that are devoid of Skeletor-antibody 
labeling. During telophase both proteins redistribute to the forming daughter nuclei 
with appreciable levels of Chromator immunoreactivity also present at the midbody 
region. The extensive co-localization of the two proteins is compatible with a direct 
physical interaction between Skeletor and Chromator. However, at present we do 
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not know whether such an interaction occurs throughout the cell cycle or is present 
only at certain stages with additional proteins mediating complex assembly at other 
stages. 
The co-localization of Chromator with the Skeletor-defined spindle matrix 
during mitosis suggests that Chromator may be involved in spindle matrix function. 
A spindle matrix has been hypothesized to provide a stationary substrate that 
anchors motor molecules during force production and microtubule sliding (Pickett-
Heaps et al., 1997). Although theoretical calculations have been derived in support 
of a hypothesis that observed spindle dynamics can be satisfactorily accounted for 
based on a structure comprised solely of microtubules and motors (Sharp et al., 
2000; Scholey et al., 2001; Cytrynbaum et al., 2003), direct evidence that motor 
proteins can be static in bipolar spindles relative to tubulin has been provided by flux 
experiments with the mitotic kinesin Eg5 in Xenopus (Kapoor and Mitchison, 2001). 
These flux experiments were interpreted as revealing the existence of a static, non-
microtubule mechanical scaffold that transiently anchors Eg5 within spindles 
(Kapoor and Mitchison, 2001). Thus, a prediction of the spindle matrix hypothesis is 
that if such a scaffold was interfered with in a way that it could not properly anchor 
motor proteins, it would affect the dynamic behavior of spindle components such as 
motors and lead to abnormal chromosome segregation. 
The identification and characterization of the Skeletor protein in Drosophila 
was the first molecular evidence for the existence of a complete spindle matrix that 
forms within the nucleus (Walker et al., 2000). However, as no Skeletor mutants 
have been isolated there has been a lack of direct insight into Skeletor's potential 
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role in spindle matrix function. In the present study we show using RNAi assays in 
S2 cells that depletion of Chromator protein leads to abnormal spindle morphology 
and that chromosomes are scattered in the spindle indicating defective spindle 
function in the absence of Chromator. These types of defects would be expected if 
Chromator functions as a spindle matrix associated protein that promotes 
interactions between motor proteins and a stationary scaffold and if these 
interactions were necessary for chromosome mobility. Interestingly, this phenotype 
resembles the mitotic chromosome segregation defects observed after RNAi 
knockdown of some kinesin motor proteins in S2 cells including KLP67A by 
Goshima and Vale (2003) and KLP59C by Rogers et al. (2004). Thus, these data 
provide evidence that Chromator is a nuclear derived protein that plays a role in 
proper spindle dynamics leading to chromosome separation during mitosis and are 
compatible with the hypothesis that Chromator may constitute a functional 
component of a spindle matrix molecular complex. 
Recently it has become clear that numerous nuclear and chromosome 
associated proteins play an important role in spindle assembly and function. In 
vertebrates, other proposed components of a spindle matrix, NuMA and TPX2, are 
located to the spindle poles at metaphase assisting in stabilizing and focusing 
microtubules in the region near the centrosomes (Merdes et al., 1996; Dionne et al., 
1999; Wittman et al., 2000). NuSAP, a nucleolar derived protein was shown to be 
involved in mitotic spindle organization and to be able to bundle microtubules 
(Raemaekers et al., 2003). In cells lacking a centrosome, chromosomes have been 
found to play a key role in forming spindles (Theurkauf and Hawley, 1992; reviewed 
in McKim and Hawley, 1995; Karsenti and Vernos, 2001). A Ran-GTP gradient 
generated near chromosomes by the chromosomal-associated Ran-GEF RCC1 is 
responsible for importing a and b to release factors critical for localized microtubule 
assembly followed by subsequent organization by various motor proteins into a 
bipolar spindle (Carazo-Salas et al., 2001; Hetzer et al., 2002; reviewed in Wittman 
et al., 2001). Further chromosomal contributions to mitotic regulation have been 
elaborated in studies of the so-called "chromosomal passenger protein complex" 
(reviewed in Adams et al., 2001 ; Terada, 2001). These proteins have been 
implicated in chromosome condensation and segregation as well as in completion of 
cytokinesis. 
Chromator is a chromodomain containing protein and is localized to 
chromatin during interphase. The function of most of the chromodomain proteins 
identified so far have been related to chromosome structure (Brehm et al., 2004). 
For example, HP1 binds to methylated histone H3 and is essential for the assembly 
of heterochromatin (Nielsen et al., 2001; Jacobs et al., 2002; Peters et al., 2001). 
The chromodomain of Chromator most closely resembles that of Ppd1 a protein 
involved in programmed DNA elimination in Tetrahymena (Taverna et al., 2002). It 
was suggested that Ppd1 functions through association with histone H3 by a 
mechanism similar to that used by HP1 in maintaining heterochromatin structure. 
Thus, a reasonable expectation would be that Chromator also serves a role in 
establishing or maintaining chromatin structure during interphase. However, in 
Chromator RNAi assays we did not detect any obvious aberrant phenotypes of 
nuclear or chromatin structure in S2 cells. Furthermore, deletion construct analysis 
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showed that the chromodomain containing NH2-terminal part of Chromator was not 
necessary for nuclear targeting or for localization to the mitotic spindle apparatus. It 
is therefore possible that the COOH-terminal interaction site of Chromator with 
Skeletor is responsible for its localization during the cell cycle. Interestingly, 
Skeletor antibody injection into syncytial Drosophila embryos leads to nuclear 
disintegration and fragmented chromatin (Walker et al., 2000). This suggests that a 
potential Chromator/Skeletor complex would be likely to play some functional role in 
maintaining nuclear integrity during interphase and that some aspects of this 
function may be mediated by Chromator's chromodomain. A caveat is that it has 
recently become clear that chromodomains may have evolved from a common 
ancestral fold to fulfill various functions in different molecular contexts that are not 
necessarily associated with chromatin (Brehm et al., 2004). Regardless, it is likely 
that Chromator together with Skeletor functions in at least two different molecular 
complexes, one associated with a spindle-like structure during mitosis and one 
associated with nuclear and chromatin structure during interphase. The future 
isolation and characterization of point and hypomorphic mutations in Chromator 
promises to resolve these questions and to provide further insights into the function 
of this protein and the putative spindle matrix. 
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FIGURE LEGENDS 
Figure. 1. The organization and protein coding potential of the 
Chromator locus. (A) The complete predicted amino acid sequence of Chromator. 
Chromator is a 926 residue protein with a calculated molecular mass of 101 kD. 
Residues 216-260 encodes a chromodomain. (B) Diagram of Chromator alternative 
transcripts. The Chromator locus gives rise to at least three different transcripts (A, 
B, and C). Each transcript, however, contains the same putative start codon and 
open reading frame suggesting the alternative transcripts encode identical gene 
products. The location of the chromodomain is indicated by a black box, the region 
that includes the Skeletor interaction domain by a grey box, and the location of the 
stop codon by an asterisk. (C) Western blot analysis of Drosophila embryonic 
protein extract shows that mAb 6H11 recognizes Chromator protein as a doublet of 
approximately 130 kD. The migration of molecular weight markers are indicated to 
the left. 
Figure. 2. Chromator and Skeletor pull-down and immunoprecipitation 
assays. (A) A Skeletor-biotin construct pulls down Chromator-GST as detected by 
GST antibody (lane 1). A biotin only pulldown control was negative (lane 2). Lane 3 
shows the position of the Chromator-GST fusion protein. (B) A Chromator-GST 
construct pulls down biotinylated Skeletor as detected by Streptavidin alkaline 
phosphatase (Avidin-AP) (lane 1). A GST only pull down control was negative (lane 
2). Lane 3 shows the position of the Skeletor-biotin fusion protein. (C) 
Immunoprecipitation (ip) of lysates from Drosophila embryos were performed using 
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Chromator antibody (mAb 6H11, lane 1) and Skeletor antibody (Bashful antiserum, 
lane 2) coupled to immunobeads or with immunobeads only as a control (lane 3). 
The immunoprecipitations were analyzed by SDS-PAGE and Western blotting using 
Chromator mAb 6H11 for detection. Chromator antibody staining of embryo lysate is 
shown in lane 4. Chromator is detected in the Skeletor and Chromator 
immunoprecipitation samples as a 130 kD band (lane 2 and 1, respectively) but not 
in the control sample (lane 3). 
Figure. 3. The dynamic redistribution of Chromator relative to Skeletor 
during the cell cycle in Drosophila embryos. The composite images (comp) 
show extensive overlap between Chromator (green) and Skeletor (red) labeling at 
inter-, meta-, and telophase as indicated by the predominantly yellow color. 
However, the distribution is not identical. In contrast to Skeletor, Chromator is 
present on centrosomes and appears to be preferentially localized to the spindle 
midbody at telophase. All images in these panels are from confocal sections of 
syncytial embryonic nuclei double labeled with mAb 6H11 (Chromator) and mAb 1A1 
(Skeletor). 
Figure. 4. Chromator expression in salivary gland polytene 
chromosomes. (A-F) Triple labelings using mAb 6H11 to visualize Chromator 
(green), mAb 1A1 to visualize Skeletor (red), and Hoechst to visualize the DNA 
(blue) reveal that Chromator and Skeletor co-localize to a large number of 
chromosome bands (yellow in E). While Skeletor antibody additionally labels the 
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nucleolus (arrow in B, D, and E) and is present on a subset of bands not labeled by 
Chromator antibody, all Chromator-positive bands are also Skeletor-antibody 
positive (E). In the composite image (F) there is little overlap between Chromator 
(green) and Hoechst (blue) labeling. (A) Chromator-labeling, (B) Skeletor-labling, 
(C) Hoechst-labeling, (D) composite of Chromator-, Skeletor-, and Hoechst-labeling, 
(E) composite of Chromator- and Skeletor-labeling, (F) composite of Chromator- and 
Hoechst-labeling. 
Figure. 5. The dynamic redistribution of Chromator relative to Skeletor 
during the cell cycle in Drosophila S2 cells. The composite images (Chro/Skel) 
show extensive overlap between Chromator (green) and Skeletor (red) labeling at 
inter-, meta-, and telophase as indicated by the predominantly yellow color. 
However, the distribution is not identical. In contrast to Skeletor, Chromator is 
present on centrosomes and appears to be preferentially localized to the spindle 
midbody at telophase. In addition at interphase the nucleolus is labeled by Skeletor-
antibody (arrow). All images in these panels are from confocal sections of S2 cells 
triple labeled with mAb 6H11 (Chromator), mAb 1A1 (Skeletor), and Hoechst (DNA). 
Figure. 6. P-element insertions in the Chromator locus. (A) The insertion 
sites of two P-elements, KG06256 and KG03258, in the region of Chromator 
transcript initiation. A second gene, ss/7, could potentially be affected by one or 
both of these insertions. (B) Western blot with Chromator antibody of extracts from 
homozygous KG06256 and KG03258 larvae as compared to wild type. Tubulin 
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antibody labeling is shown below as a loading control. The Chromator protein level 
was severely reduced as compared to wild type levels in KG03258 (3258) larvae 
whereas KG06256 (6256) larvae had levels comparable to that of wild type larvae. 
Figure. 7. RNAi depletion of Chromator in S2 cells leads to microtubule 
spindle abnormalities and chromosome segregation defects. (A) Examples of 
control-treated S2 cells at meta- and anaphase. (B) Examples of Chromator dsRNA 
treated S2 cells. The upper panel shows an S2 cell in metaphase with a curved 
microtubule spindle and mis-positioned chromosomes. The lower panel shows the 
most common phenotype of abnormally narrow spindles and missegregated 
chromosomes scattered throughout the spindle-region at anaphase. Tubulin 
antibody-labeling is shown in green and Hoechst labeling of the DNA is in blue. All 
images in (A) and (B) are from confocal sections of S2 cells. (C) Western blot with 
Chromator antibody of control treated and Chromator RNAi treated S2 cells from the 
cultures shown in (A) and (B). In the RNAi sample Chromator protein levels (Chro) 
is reduced to about 15% of the level observed in the control cells. Tubulin levels 
(tub) are shown as a loading control. 
Figure. 8. Expression of Chromator deletion constructs in S2 cells. The 
expressed constructs are diagrammed beneath the micrographs. (A) Full-length 
GFP- and V5-tagged Chromator (GFP-FL-Chr-V5) localizes to the nucleus of S2 
cells. The cells were double-labeled with GFP-antibody to visualize the GFP-FL-
Chr-V5 construct (green) and Hoechst to visualize the DNA (blue). (B) V5-tagged 
NH2-terminal Chromator deletion construct (NT-Chr-V5) truncated just after the 
chromodomain (black box) localizes to the cytoplasm and is mainly absent from the 
nucleus. The NT-Chr-V5 construct was visualized with V5-antibody (green) and the 
DNA with Hoechst (blue). (C) S2 cells expressing a GFP-tagged COOH-terminal 
deletion construct (GFP-CT-Chr) without the chromodomain at inter-, meta-, and 
telophase. The GFP-CT-Chr construct was visualized with GFP-antibody (green) 
and microtubules with tubulin-antibody (red). At interphase GFP-CT-Chr localizes to 
the nucleus whereas at metaphase it co-localizes with the microtubule spindle. At 
telophase it is localized at the reforming daughter nuclei in addition to co-localizing 
with microtubules at the midbody. The region that contains the Skeletor interaction 
domain is indicated in grey. 
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CHAPTER 3: MEGATOR, AN ESSENTIAL COILED-COIL PROTEIN 
THAT LOCALIZES TO THE PUTATIVE SPINDLE MATRIX DURING 
MITOSIS IN DROSOPHILA1 
Hongying Qi*, Uttama Rath*, Dong Wang, Ying-Zhi Xu, Yun Ding, Weiguo Zhang, 
Melissa J. Blacketer, Michael R. Paddyt, Jack Girton, Jorgen Johansen and Kristen 
M.Johansen. 
*These authors contributed equally to this work 
ABSTRACT 
We have used immunocytochemistry and cross-immunoprecipitation analysis 
to demonstrate that Megator (Bx34 antigen), a Tpr ortholog in Drosophila with an 
extended coiled-coil domain, co-localizes with the putative spindle matrix proteins 
Skeletor and Chromator during mitosis. Analysis of P element mutations in the 
Megator locus showed that Megator is an essential protein. During interphase 
Megator is localized to the nuclear rim and occupies the intranuclear space 
surrounding the chromosomes. However, during mitosis Megator reorganizes and 
aligns together with Skeletor and Chromator into a fusiform spindle structure. The 
Megator metaphase spindle persists in the absence of microtubule spindles, strongly 
'This paper was published in Molecular biology of the Cell, 15: 4854-4865, 2004. 
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implying that the existence of the Megator-defined spindle does not require 
polymerized microtubules. Deletion construct analysis in S2 cells indicates that the 
COOH-terminal part of Megator without the coiled-coil region was sufficient for both 
nuclear as well as spindle localization. In contrast, the NH2-terminal coiled-coil 
region remains in the cytoplasm; however, we show that it is capable of assembling 
into spherical structures. Based on these findings we propose that the COOH-
terminal domain of Megator functions as a targeting and localization domain 
whereas the NH2-terminal domain is responsible for forming polymers that may 
serve as a structural basis for the putative spindle matrix complex. 
INTRODUCTION 
Although much work has been directed towards understanding mitotic spindle 
apparatus structure and function, it is still unclear how mechanical forces are applied 
to pull the chromosomes to the spindle poles (Pickett-Heaps et al., 1982; 1997; 
Scholey et al., 2001 ). The involvement of a spindle matrix that can act as a stationary 
substrate to stabilize the spindle during force production and microtubule sliding has 
long been proposed (Pickett-Heaps et al., 1982; 1997); however, direct evidence for 
its existence has remained elusive (Scholey et al., 2001 ; Wells, 2001; Bloom 2002; 
Kapoor and Compton, 2002; Johansen and Johansen, 2002). Recently, a putative 
spindle matrix protein, Skeletor, was identified in Drosophila (Walker et al., 2000). 
Skeletor is associated with chromosomes at interphase, but preceding microtubule 
spindle formation and nuclear lamina breakdown, it redistributes into a true fusiform 
spindle at prophase. During metaphase the Skeletor defined spindle and the 
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microtubule spindles are coaligned and when embryos are treated with nocodazole to 
disassemble microtubules, the Skeletor spindle persists (Walker et al., 2000). Thus, 
many of the features of the Skeletor defined spindle are consistent with the spindle 
matrix hypothesis. Using a yeast two-hybrid screen with Skeletor sequence as bait 
Rath et al. (2004) identified another potential component of a spindle matrix, 
Chromator, that interacts directly with Skeletor. Chromator contains a chromodomain 
and co-localizes with Skeletor on the chromosomes at interphase as well as to the 
Skeletor-defined spindle during metaphase. Furthermore, functional assays using P-
element insertion mutants and RNAi in S2 cells suggest that Chromator is an essential 
protein that affects spindle function and chromosome segregation (Rath et al., 2004). 
The above findings supports the hypothesis that Skeletor and Chromator are 
members of a macromolecular spindle matrix complex constituted by several nuclear 
components (Walker et al., 2000; Rath et al., 2004). However, for a spindle matrix to 
form independently or to form a structural scaffold aligned with the microtubule spindle 
one or more of its molecular components would be predicted to have the ability to 
form polymers. Neither Skeletor nor Chromator appear to contain molecular motifs 
with such properties. In this study we report the identification of another molecular 
component that localizes to the putative spindle matrix and is a candidate to play such 
a structural role. The monoclonal antibody Bx34 was previously shown to recognize a 
260 kDa protein with a large NH2-terminal coiled-coil domain and a shorter COOH-
terminal acidic region that shows overall structural and sequence similarity to the 
mammalian nuclear pore complex Tpr protein (Zimowska et al., 1997). Zimowska et 
al. (1997) showed that the Bx34 antigen during interphase was localized to the 
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nuclear rim as well as occupying the intranuclear space surrounding the 
chromosomes. Here we show using immunocytochemistry and analysis of P-element 
mutations that the Bx34 antigen is an essential protein that colocaiizes with Skeletor 
and Chromator to the putative spindle matrix as it is defined by these proteins during 
mitosis. Furthermore, based on the presence of the large coiled-coil domain we 
propose the Bx34 antigen may serve as a structural component of the spindle matrix 
and have named the protein Megator. 
MATERIALS AND METHODS 
Drosophila Stocks 
Fly stocks were maintained according to standard protocols (Roberts, 1986). 
Oregon-R or Canton-S was used for wild-type preparations. The y1 w67023; 
P{w+mC= Iacw}l(2)k03905k03905/Cy0 line was obtained from the Bloomington Stock 
Center and was originally part of the Istvân Kiss collection (Trk et al., 1993). To 
facilitate identification of homozygous mutant Megator embryos, 
P{w+mC=lacW}l(2)k03905k03905 was balanced over one of two different GFP-tagged 
CyO balancers obtained from the Bloomington Stock Center line: w*; 
ln(2LR)nocScorv9R, b1/CyO, P{w+mC-Act-GFP}JMR1 or CyO, P{w+mC = GAL4-
Kr.C}DC3, P{w+mC=UAS-GFP.S65T}DC7. Control antibody labelings were 
performed on embryos from these lines. 
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Antibodies 
Residues 1433-1703 of the predicted Megator protein were subcloned using 
standard techniques (Sambrook et al., 1989) into the pGEX-4T-1 vector (Amersham 
Pharmacia Biotech) to generate the construct GST-270. The correct orientation and 
reading frame of the insert was verified by sequencing. GST-270 fusion protein was 
expressed in XL1-Blue cells (Stratagene) and purified over a glutathione agarose 
column (Sigma-Aldrich), according to the pGEX manufacturer's instructions 
(Amersham Pharmacia Biotech). The mAbs 12F10 and 11E10 were generated by 
injection of 50 jxg of GST-270 into BALB/c mice at 21 d intervals. After the third 
boost, mouse spleen cells were fused with Sp2 myeloma cells and monospecific 
hybridoma lines were established using standard procedures (Harlow and Lane, 
1988). The mAb 12F10 is of the lgG1 subtype. All procedures for mAb production 
were performed by the Iowa State University Hybridoma Facility. The anti-Skeletor 
mAb 1A1 (Walker et al., 2000), anti-Chromator mAbs 6H11 and 12H9 (Rath et al., 
2004), anti-Bx34 antigen mAb Bx34 and polyclonal antiserum (Zimowska et al., 
1997), and anti-lamin mAb ADL195 (Klapper et al., 1997) have been previously 
described. mAb ADL195 was obtained from the Developmental Studies Hybridoma 
Bank at University of Iowa. Anti-a-tubulin (mouse mAbs of the lgG1 (Sigma-Aldrich) 
and IgM (Abeam) subtypes and a rat mAb (Abeam)) as well as anti-V5 antibody 
(Invitrogen) were obtained from commercial sources. 
Biochemical Analysis 
SDS-PAGE and immunoblotting. SDS-PAGE was performed according to 
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standard procedures (Laemmli, 1970). Electroblot transfer was performed as in 
Towbin et al. (1979) with transfer buffer containing 20% methanol and in most cases 
including 0.04% SDS. For these experiments we used the Bio-Rad Mini PROTEAN 
II system, electroblotting to 0.2 pm nitrocellulose, and using anti-mouse HRP-
conjugated secondary antibody (Bio-Rad) (1:3000) for visualization of primary 
antibody diluted 1:1000 in Blotto. The signal was visualized using chemiluminescent 
detection methods (ECL kit, Amersham). The immunoblots were digitized using a 
flatbed scanner (Epson Expression 1680). For quantification of immunolabeling, 
digital images of exposures of immunoblots on Biomax ML film (Kodak) were 
analyzed using the Imaged software as previously described (Wang et al., 2001). In 
these images the grayscale was adjusted such that only a few pixels in the wild type 
lanes were saturated. The area of each band was traced using the outline tool and 
the average pixel value determined. Homozygous mutant Megator embryos 
selected from P {w+mC=lacW}l(2)k03905k03905/CyC), P{w+mC=Act-GFP}JMR1 
parents and identified by virtue of lack of GFP signal were obtained from 15-20 hour 
embryo collections. Heterozygous I(2)k03905/Cy0 and CyO/CyO embryos from the 
same embryo collection served as a reference for the reduction in Megator protein 
levels in homozygous embryos. Similar experiments were performed using 
P{w+^=iacw}i(2)k03905'<03905fcy0, P{w+mC = GAL4-Kr. C}DC3, P{w+mC=UAS-
GFP.S65TJDC7 parents to minimize maternal GFP levels. Quantification of labeling 
on Western blots of I(2)k03905 mutant embryos were determined as a percentage 
relative to the level determined for control embryos using tubulin levels as a loading 
control. In RNAi experiments Megator levels in experimental and control S2 cell 
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cultures were normalized using tubulin loading controls for each sample. 
Immunoprecipitation assays. For co-immunoprecipitation experiments, anti-
Megator or anti-Chromator antibodies were bound to protein G beads (Sigma) as 
follows: 10 pi of mAb 12F10 ascites or 100 ml of mAb 12H9 supernatant was bound 
to 30 |jl protein-G Sepharose beads (Sigma) for 2.5 h at 4°C on a rotating wheel in 
50 pi ip buffer. The appropriate antibody-coupled beads or beads only were 
incubated overnight at 4°C with 200 pi of 0-3 h embryonic lysate on a rotating wheel. 
Beads were washed 3 times for 10 min each with 1 ml of ip buffer with low speed 
pelleting of beads between washes. The resulting bead-bound immunocomplexes 
were analyzed by SDS-PAGE and Western blotting according to standard 
techniques (Harlow and Lane, 1988) using mAb 6H11 to detect Chromator and mAb 
12F10 to detect Megator. 
Immunohistochemistry 
Antibody labelings of 0-3 h embryos were performed as previously described 
(Johansen et al., 1996, Johansen and Johansen, 2003). The embryos were 
dechorionated in a 50% Chiorox solution, washed with 0.7 M NaCI/0.2% Triton X-
100 and fixed in a 1:1 heptane:fixative mixture for 20 min with vigorous shaking at 
room temperature. The fixative was either 4% paraformaldehyde in phosphate 
buffered saline (PBS) or Bouin's fluid (0.66% picric acid, 9.5% formalin, 4.7% acetic 
acid). Vitelline membranes were then removed by shaking embryos in heptane-
methanol (Mitchison and Sedat, 1983) at room temperature for 30 sec. S2 cells 
were affixed onto poly-L-lysine coated coverslips and fixed with Bouin's fluid for 10 
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min at 24°C and methanol for 5 min at -20°C. The cells on the coverslips were 
permeabilized with PBS containing 0.5% Triton X-100 and incubated with diluted 
primary antibody in PBS containing 0.1% Triton X-100, 0.1% sodium azide, and 1% 
normal goat serum for 1.5 h. Double and triple labelings employing epifluorescence 
were performed using various combinations of antibodies against Megator (mAb 
12F10, lgG1), Chromator (mAb 6H11, lgG1), Skeletor (mAb 1A1, IgM), anti-a-tubulin 
mouse lgG1 or IgM antibody, anti-a-tubulin rat lgG2a, anti-lamin antibody (IgM), V5-
antibody (lgG2a), and Hoechst to visualize the DNA. The appropriate species and 
isotype specific Texas Red-, TRITC-, and FITC-conjugated secondary antibodies 
(Cappel/ICN, Southern Biotech) were used (1:200 dilution) to visualize primary 
antibody labeling. Confocal microscopy was performed with a Leica confocal TCS 
NT microscope system equipped with separate Argon-UV, Argon, and Krypton 
lasers and the appropriate filter sets for Hoechst, FITC, Texas Red, and TRITC 
imaging. A separate series of confocal images for each fluorophor of double labeled 
preparations were obtained simultaneously with z-intervals of typically 0.5 pm using 
a PL APO 100X/1.40-0.70 oil objective. A maximum projection image for each of the 
image stacks was obtained using the Imaged software. In some cases individual 
slices or projection images from only two to three slices were obtained. Images 
were imported into Photoshop where they were pseudocolored, image processed, 
and merged. In some images non-linear adjustments were made for optimal 
visualization especially of Hoechst labelings of nuclei and chromosomes. Polytene 
chromosome squash preparations from late third instar larvae were immunostained 
by the Skeletor antibody mAb 1A1 and Megator antibody mAb 12F10 essentially as 
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previously described by Zink and Paro (1989), Jin et al. (1999), and by Wang et al. 
(2001). 
Microtubule depolymerization experiments 
Dechorionated embryos from 0-2.5 h collections were added to heptane 
containing 10 mM nocodazoie (Sigma-Aldrich) and shaken for 1.5 min, before 
adding fixative and incubating for a further 20 min. Cold-treated embryos were 
dechorionated on ice for 2 min and incubated for 1 min with pre-chilled heptane. 
Pre-chilled Bouin's fluid was then added to the heptane layer, shaken for 30 s, and 
rotated at 4°C for 20 min. Immunolabeling was performed as described above. 
Expression of Megator constructs in transfected S2 cells 
A full length Megator (2346 aa) construct, a NH2-terminal domain construct of 
Megator from residue 1-1431 containing 87% of the coiled-coil region, and a COOH-
terminal domain construct of Megator from residue 1758-2346 were cloned into the 
pMT/V5-HisB vector (Invitrogen) with in-frame V5 tags at the COOH-termini using 
standard methods (Sambrook et al.,1989). Similarly, a middle construct from 
residue 1432-1709 were subcloned into the pMT/V5-HisA vector with an in-frame 
V5-tag at the COOH-terminus. The fidelity of all constructs was verified by 
sequencing at the Iowa State University Sequencing facility. 
Drosophila Schneider 2 (S2) cells were cultured in Shields and Sang M3 
insect medium (Sigma) supplemented with 10% fetal or newborn bovine serum, 
antibiotic/antimycotic solution and L-Glutamine (Gibco/BRL/Life Technologies) at 
25°C. The S2 cells were transfected with different Megator subclones using a 
calcium phosphate transfection kit (Invitrogen) and expression was induced by 0.5 
mM CuS04. Cells expressing Megator constructs were harvested 12-24 h after 
induction and affixed onto poly-L-lysine coated coverslips for immunostaining and 
Hoechst labeling. 
RNAi interference 
dsRNAi in S2 cells was performed according to Clemens et al. (2000). A 784 
bp fragment encoding sequence from the coiled-coil region of Megator cDNA was 
PCR amplified and used as template for in vitro transcription using the Megascript™ 
RNAi kit (Ambion). 40 ng of synthesized dsRNA was added to 1 X 106 cells in six-
well cell culture plates. Control dsRNAi experiments were performed identically 
except pBluescript vector sequence (800 bp) was used as template. The dsRNA 
treated S2 cells were incubated for 120 h and then processed for immunostaining 
and immunoblotting. For immunoblotting 105 cells were harvested, resuspended in 
50 \i\ of S2 cell lysis buffer (50 mM Tris-HCI, pH 7.8, 150 mM NaCI, and 1% Nonidet 
P-40), boiled and analyzed by SDS-PAGE and western blotting with anti-Megator 
antibody (mAb 12F10) and anti-a tubulin antibody. The mitotic index defined as the 
number of cells in metaphase and anaphase as a percentage of total cell number 
were compared between experimental and control S2 cell cultures. At least 500 
cells were examined in each individual experiment (range: 500-2,500 cells). 
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Analysis ofP-element mutants 
PCR mapping. The insertion site flanking sequence provided by the Berkeley 
Drosophila Genome Project for the P{wi~mC=lacW}l(2)k03905k03905 element 
(Accession # AQ025733) placed the P-element insertion near the transcription start 
site for the Megator gene. By designing several sets of nested forward and reverse 
primers from genomic sequence encompassing this region we performed PCR from 
mutant flies as previously described (Preston and Engels, 1996). PCR fragments 
were subcloned and sequenced according to standard protocols (Sambrook et al., 
1989). 
Viability assays. In order to determine the viability of Megator mutants we 
analyzed the offspring from crosses of I(2)k03905/Cy0, P{w+mC=Aet-GFP}JMR 1 
parents in which the balancer chromosome is labeled with GFP allowing for the 
identification of homozygous I(2)k03905/I(2)k03905 embryos and larvae. For these 
assays eggs were collected on standard yeasted agar plates and incubated at 21 °C. 
No homozygous I(2)k03905/I(2)k03905 larvae were found among 200 third instar 
larvae examined from such crosses and among 300 embryos only one homozygous 
I(2)k03905/I(2)k03905 first instar larvae emerged. 
P-element excision. The P element of ylw67c23; P{w*mC=lacW} 
I(2)k03905k03905/Cy0 was mobilized by a A2-3 transposase source (y1 w*; CyO, 
H{w+mC=PA2-3}HoP2.1/Bc1 Egfr51) (Robertson et al., 1988). Several fly lines in which 
the P element had been excised were identified by their white eye color. Three 
precise excisions were confirmed by PCR analysis using primers corresponding to 
the P element and/or the genomic sequences flanking it. DNA isolation from single 
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flies and PCR reactions were performed as described in Preston and Engels (1996). 
The precise excision lines were further analyzed for viability as described above and 
for restoration of Megator protein levels by immunoblotting. Protein extracts were 
prepared by homogenizing adult flies in IP buffer. Homozygous excised I(2)k03905 
flies were identified by the absence of the Curly marker. Proteins were separated on 
SDS-PAGE and analyzed by western blotting with anti-Megator antibody (mAb 
12F10) and anti-a tubulin antibody. 
RESULTS 
The putative spindle matrix protein Skeletor colocaiizes with the Bx34 antigen 
(Megator) during mitosis 
In a search for candidate proteins that potentially could interact with the 
putative spindle matrix we conducted labeling studies with the Bx34 mAb (Zimowska 
et al., 1997). The Bx34 antigen (Megator) previously was found to be localized to the 
nuclear rim and to the nuclear extra-chromosomal space during interphase; however, 
considerable Bx34 immunoreactivity was also reported to be present around the 
metaphase plate during mitosis, although the nature of this labeling was not resolved 
(Zimowska et al., 1997). For this reason we revisited the issue of mAb Bx34's labeling 
during the cell cycle in syncytial Drosophila embryos fixed with Bouin's fluid, a 
precipitative fixative characterized by its rapid penetration and efficient fixation of 
nuclear proteins (Johansen and Johansen, 2003). As illustrated in Fig. 1 the Bx34 
mAb in addition to its characteristic interphase staining pattern also labeled what 
appeared to be fusiform spindle structures at meta- and anaphase. We observed this 
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distribution of Megator both in Bouin's fluid and PFA fixed preparations as well as with 
a polyclonal antiserum made toward a synthetic peptide based on Megator's amino 
acid sequence (Zimowska et al., 1997). While the spindle-like labeling of the Bx34 
mAb was intriguing and suggested a potential colocalization with the putative spindle 
matrix proteins the antibody was insufficiently robust for double labeling studies. We 
therefore generated new Megator mAbs, 12F10 and 11E10, against a GST fusion 
protein containing residues 1433-1703 of the Megator protein. Both mAbs label a 
single protein band of approximately 260 kDa on immunoblots of S2 cell protein 
extracts consistent with the predicted molecular mass of Megator of 262 kDa (Fig. 2A) 
and recapitulate the reported interphase distribution of Megator at interphase. This is 
shown for polytene nuclei in Fig. 2B where the Megator labeling surrounds the 
chromosomes labeled with Hoechst and in confocal sections of embryonic syncytial 
nuclei in Fig. 2C where the nuclear rim labeling coincides with that of lamin antibody. 
We subsequently used mAb 12F10 (lgG1) to perform double labeling studies with the 
Skeletor antibody 1A1 (IgM) on fixed syncytial blastoderm embryos at different stages 
of mitosis (Fig. 3). Fig. 3A shows that whereas Megator and Skeletor labeling are 
intermingled in the nuclear interior only Megator staining is prominent at the nuclear 
rim. While embryonic interphase nuclei do not afford sufficient resolution to determine 
whether Skeletor and Megator labeling are separate in the nuclear interior this can be 
clearly demonstrated in light squashes of polytene salivary gland nuclei where 
Skeletor is localized on the chromosomes which are surrounded by Megator labeling 
(Fig. 3B). However, as mitosis commences Megator reorganizes during prophase into 
a fusiform spindle structure the pattern of which at prometaphase and anaphase 
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appears identical to that of the putative spindle matrix protein Skeletor (Fig. 3A). At 
telophase Skeletor begins to redistribute back to the decondensing chromosomes 
whereas at this stage the majority of Megator is localized to the spindle midbody (Fig. 
3A). 
In order to address the relationship between the Megator and microtubule 
spindles, we conducted triple labeling studies in embryos where microtubules were 
disassembled by either nocodazoie- or cold-treatment as previously described 
(Walker et al., 2000). Figure 4A shows an image of a Megator spindle from a cold 
treated embryo arrested at metaphase (lower panel) compared to a control labeling 
(upper panel). In the control labeling the Megator-defined spindle and the 
microtubule spindle are co-aligned (Fig. 4A, upper panel). In contrast, after cold 
treatment there was no detectable tubulin antibody labeling indicating complete 
disassembly of the microtubules (Fig. 4A, lower panel). However, even in the 
absence of microtubule spindles, the Megator spindle remains intact implying that 
the existence of the Megator spindle does not require polymerized microtubules. 
Furthermore, under such depolymerized tubulin conditions both Megator and 
Skeletor spindle labeling are present and showing extensive co-localization (Fig. 
4B). This suggests that both Megator and Skeletor may be contributing to the 
formation of a spindle-like structure the integrity of which is largely independent of 
microtubules. 
The spindle localization of Megator is not restricted to the early embryonic 
cycles of nuclear division that lack the normal cell cycle checkpoints. We analyzed 
Megator distribution in the S2 cell line which is a cell line that was originally derived 
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from later stage embryonic cells (-16 hour). In these cells, Megator shows a similar 
distribution pattern to that of syncytial blastoderm embryos (Fig. 5). At interphase 
Megator is present in the nuclear interior and co-localizes with lamin at the nuclear rim 
(Fig. 5A) whereas at metaphase Megator and Skeletor are co-localized at a spindle­
like structure distinct from the chromosomes congregated at the metaphase plate (Fig. 
5B). 
Megator molecularly interacts with the putative spindle matrix complex 
To address whether Megator may interact with the putative 
Skeletor/Chromator spindle matrix complex we performed coimmunoprecipitation 
experiments designed to test for molecular interactions. For these experiments 
proteins were extracted from Drosophila embryos, immunoprecipitated with Megator 
or Chromator antibody, fractionated on SDS-PAGE after the immunoprecipitation, 
immunoblotted, and probed with antibody to Chromator and Megator, respectively. 
Figure 6A shows such an immunoprecipitation experiment where Chromator 
antibody co-immunoprecipitated a 260 kDa protein that is detected by Megator 
antibody on Western blots. Western blot analysis also confirms that this band co-
migrates with Megator protein from total embryo lysate or from Megator antibody 
immunoprecipitation samples. In the converse experiment the immunoprecipitate of 
Megator antibody contained a 130 kDa band detected by Chromator antibody that 
was also present in the lysate and in the Chromator immunoprecipitate sample (Fig. 
6B). This band was not present in lanes where immunobeads only were used for 
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the immunoprecipitation (Fig. 6A and B). These results provide evidence that 
Chromator and Megator are present in the same protein complex. 
Megator is an essential gene 
Megator has been previously cloned and sequenced and encodes a large 
2,346 amino acid protein of 262 kD in which the N ^ -terminal 70% is predicted to 
form an extended coiled-coil region while the COOH-terminal 30% is unstructured 
and acidic (Zimowska et al., 1997) (Fig. 7A). It contains a putative nuclear 
localization signal (NLS) in the COOH-terminal part (Fig. 7A). By PCR mapping and 
sequencing we determined that the P-element present in the I(2)k03905 line 
(Spradling et al., 1999) is inserted at the start of the published cDNA of Megator 
(Zimowska et al., 1997) at position +1 (Fig. 7A). This insertion event also resulted in 
a 9 bp duplication including 8 bp of upstream genomic sequence and a duplicated 
+1 residue. The site and nature of the insertion suggests that a functional Megator 
transcript is not likely to be made from the mutant gene and thus this insertion may 
represent a null mutation. In order to determine the viability of Megator mutants we 
analyzed the offspring from crosses of I(2)k03905/Cy0, P{w+mC=Act-GFP}JMR1 
parents in which the balancer chromosome is labeled with GFP allowing for the 
identification of homozygous I(2)k03905/I(2)k03905 embryos and larvae. No 
homozygous I(2)k03905/I(2)k03905 larvae were found among 200 third instar larvae 
examined from such crosses and among 300 embryos only one homozygous 
I(2)k03905/I(2)k03905 first instar larvae emerged. This suggests that the Megator 
protein is essential and that the lethality caused by the P-element mutation largely 
occurs during embryonic development as maternal stores are exhausted. 
Consistent with this we find that Western blots (Fig. 7B) of homozygous 15-20 hour 
I(2)k03905 mutant Megator embryos show decreased Megator protein levels of only 
28.5 ± 7.6% (n = 4) that of Megator levels in I(2)k03905/Cy0 and CyO/CyO embryos 
from the same embryo collection. We quantified this difference by determining the 
average pixel density of mAb Bx34 immunoblot staining of equal numbers of 
homozygous I(2)k03905 mutant Megator embryos and control embryos. The 
remaining low level of Megator protein observed in the homozygous mutant is likely 
due to residual maternal stores. 
In a recent study, it was found that in a significant percentage of lethal mutant 
lines carrying characterized P insertions, the lethal mutation was not directly 
associated with the P insertion event itself (Bellotto et al., 2002). For this reason it 
was essential to confirm that the P insertion is the source of lethality for the 
I(2)k03905 allele. In order to address this concern, we screened for precise excision 
events by introducing the A2-3 transposase to mobilize the transposon and then 
selecting for loss of the mini-white marker that is carried by the P-element. Stocks 
established from such flies were then analyzed by PCR to characterize the nature of 
the excision event to identify those lines with precise excisions of the P element. 
Test crosses of such lines demonstrated that the precise excision of the P element 
restored Megator expression and viability to flies that were homozygous for the 
second chromosome that had previously carried the I(2)k03905 insertion (data not 
shown). That precise excision of the I(2)k03905 P element in three independent 
lines restores Megator expression and viability supports that the lethality observed in 
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the I(2)k03905 mutant line was directly due to the insertion of the P element in the 
Megator region. 
Functional consequences of reduced Megator protein levels 
The cross immunoprecipitation experiments and the immunolabeling results 
are consistent with that Megator and Chromator are present in the same 
macromolecular complex during mitosis. This suggest that Megator has the 
potential to play a functional role in proper cell division. Unfortunately, this 
hypothesis cannot be tested in homozygous I(2)k03905 early embryos due to the 
presence of maternally derived Megator protein which masks any potential 
phenotypes. Furthermore, these animals die before hatching precluding larval 
neuroblast analysis. For these reasons, we employed RNAi methods in S2 cells to 
deplete Megator protein levels (Fig. 8). While we did not observe any obvious 
perturbation phenotypes of tubulin spindle morphology or chromosome segregation 
defects by anti-tubulin and Hoechst labeling of the cells (data not shown) the number 
of cells undergoing mitosis was greatly reduced in Megator RNAi treated cultures 
(Fig. 8A). In five separate experiments we determined the mitotic index defined as 
the number of cells in meta- and anaphase as a percentage of total cell number. 
Experimental cultures had a mitotic index of 1,8±0.3% (n=5) versus an index of 
4.3±0.5% (n=5) in mock treated control cultures representing a reduction of nearly 
60% of cells undergoing cell division (Fig. 8A). This difference is statistically 
significant on the p<0.0025 level (Student's t-test). The degree of Megator knock 
down in the cultures was determined by immunoblot analysis (Fig. 8B) and averaged 
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86±7% (n=3) that of mock treated controls. These results suggest that depletion of 
Megator may prevent cells from entering metaphase. 
The COOH-terminal fragment of Megator is sufficient for nuclear and spindle 
localization 
Sequence analysis of Megator identified only one previously known domain, 
the extended NH2-terminal coiled-coil domain, in addition to a putative nuclear 
localization signal (NLS) in the COOH-terminal part. Coiled-coil domains are known 
to be protein-protein interaction domains that often are involved in self assembly of 
filamentous structures (Fuchs and Weber, 1994). We therefore tested whether the 
coiled-coil domain plays a role in the localization of Megator to the putative spindle 
matrix structure. We made four constructs containing Megator sequences for 
expression in S2 cells carrying a COOH-terminal V5-tag. The four constructs were a 
full length Megator construct (Meg-FL), an NH2-terminal construct (Meg-NT) 
containing sequence from the starting methionine to residue 1431 that includes 87% 
of the coiled-coil domain, a COOH-terminal construct (Meg-CT) from residue 1758 to 
the terminal proline residue containing the putative NLS motif, and a smaller middle 
construct (Meg-M) from residue 1432 to 1709. Figure 9 shows examples of 
expression of these constructs in transiently or stably transfected S2 cells detected 
with V5-antibody and double-or triple-labeled with lamin or tubulin antibody and 
Hoechst. The Meg-FL construct localizes to the nucleus (Fig. 9A) although its 
overexpression often leads to aggregation. It is present at the nuclear rim in lamin 
double labelings at interphase (Fig. 9A, upper panel) and it is localized to the spindle 
87 
at metaphase although the distribution is abnormal with aggregation around the 
spindle poles (Fig. 9A, lower panel, white arrows). The Meg-NT construct containing 
the coiled-coil domain is not targeted to the nucleus and remains in the cytoplasm 
typically forming small aggregates (Fig. 9B-1). However, in about 30% of 
transfected S2 cells (n=320) the Meg-NT construct forms several large spheres 
outside the nucleus. Three examples of this is shown in Fig. 9B. Figure 9B-4 shows 
a maximum projection image from a transfected S2 cell double labeled with Hoechst 
whereas Fig. 9B-5 shows a single confocal section from a different cell 
demonstrating that the spheres are hollow. Fig. 9B-6 is a stereo image illustrating 
the spatial relationship between the spheres. These data suggest that the coiled-coil 
domain while not targeted to the nucleus nevertheless has the ability to self 
assemble into hollow spherical structures. In contrast, the Meg-CT construct is 
localized to the nucleus including the nuclear rim at interphase and co-localizes with 
the tubulin spindle at metaphase (Fig. 9C). Thus the localization of the COOH-
terminal Megator construct during the cell cycle phenocopies that of endogenous 
Megator observed with Megator antibody labeling. This indicates that the coiled-coil 
domain is not necessary for targeting of Megator to the nucleus but rather that 
COOH-terminal sequences are sufficient for both nuclear and spindle localization. 
The Meg-M construct localizes to the cytoplasm, is not present in the nucleus, and 
does not appear to form aggregates (Fig. 9D) suggesting that the behavior of the 
three other constructs are independent of the V5-tag. 
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DISCUSSION 
In this study we show that the Bx34 antigen in addition to the previously 
reported localization to the extrachromosomal space and nuclear rim at interphase 
(Zimowska et al., 1997) also interacts with the putative spindle matrix proteins, 
Skeletor and Chromator, during mitosis. The organization of the Bx34 antigen with a 
large NH2-terminal coiled-coil domain and a shorter acidic COOH-terminal domain is 
similar to the structure of the mammalian Tpr (translocated promoter region) protein 
(Mitchell and Cooper, 1992) and like Tpr the Bx34 antigen is found at the nuclear 
rim, likely in association with nuclear pore complexes (Zimowska et al., 1997). 
However, comparison of Tpr and the Bx34 antigen sequences show a very low level 
of identity on the amino acid level (Zimowska et al., 1997) and whereas the Bx34 
antigen is abundant in the nuclear interior, mammalian Tpr is restricted to the 
nuclear periphery (Frosst et al., 2002). Furthermore, mammalian Tpr has not been 
observed to localize to the spindle at metaphase. Thus, while structurally similar 
there is likely to be significant functional differences between the Bx34 antigen and 
mammalian Tpr wherefore we have named the Bx34 antigen in Drosophila, Megator. 
The presence of a large coiled-coil domain in Megator raises the intriguing 
possibility that it could comprise the structural element of a potential spindle matrix. 
Since both Chromator and Skeletor localize to chromosomes as well as to the 
spindle-like structure, it was not clear whether the physical interactions observed in 
co-ip and pull-down experiments between these molecules reflected interactions in 
chromosomal complexes or interactions on the spindle-like structure or both (Rath et 
al., 2004). However, since Megator is not localized to the chromosomes during 
interphase nor on centrosomes during metaphase through telophase, the molecular 
interaction of the complex observed likely occurs on the spindle-like structure. 
Interestingly, the Megator deletion construct analysis in S2 cells indicate that the 
NH2-terminal coiled-coil containing domain has the ability to self assemble into 
spherical structures in the cytoplasm. This is in contrast to the acidic COOH-
terminal domain which is targeted to the nucleus implying the presence of a 
functional nuclear localization signal. Furthermore, the COOH-terminal domain is 
sufficient for localization to the nuclear rim as well as for spindle localization. Thus, 
an attractive hypothesis is that the COOH-terminal domain functions as a targeting 
and localization domain whereas the NH2-terminal domain may be responsible for 
forming polymers that may serve as a structural basis for the putative spindle matrix 
complex. Supporting this notion is the finding that Megator spindles persist in the 
absence of microtubules depolymerized by cold or nocodazoie treatment. The 
localization of Megator to at least three cellular compartments (nuclear rim, 
extrachromosomal nuclear space, spindle matrix complex) and reorganization during 
the cell cycle suggest it is highly dynamic and that it may exist in several structural 
forms (Zimowska and Paddy, 2002). This is underscored by the finding that one 
hour after heat shock treatment the amount of Megator protein in the 
extrachromosomal space diminishes while accumulation occurs at a single 
chromosomal heat shock puff, 93D; however, as this occurs Megator localization to 
the nuclear rim remains unchanged (Zimowska and Paddy, 2002). 
The co-localization of Megator with the Skeletor and Chromator-defined 
spindle matrix during mitosis suggests that Megator may be involved in spindle 
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matrix function. A spindle matrix has been hypothesized to provide a stationary 
substrate that anchors molecules during force production and microtubule sliding 
(Pickett-Heaps et al., 1997). Such a matrix could also be envisioned to have the 
added properties of helping to organize and stabilize the microtubule spindle 
(Johansen and Johansen, 2002). Previously, we demonstrated using RNAi assays 
in S2 cells that depletion of Chromator protein leads to abnormal spindle morphology 
and that chromosomes are scattered in the spindle indicating defective spindle 
function in the absence of Chromator (Rath et al., 2004). However, we are not able 
to infer a clear functional role for Megator based on the results obtained in the 
present study. When Megator levels are knocked down by RNAi in S2 cell cultures 
the number of cells undergoing mitosis was greatly reduced. However, we did not 
observe any cells with obvious defects in tubulin spindle morphology or chromosome 
segregation defects suggesting that depletion of Megator prevents cells from 
entering metaphase. This could be due to an essential function of Megator in 
maintaining nuclear structure and/or in maintaining the integrity of the nuclear rim 
and pore complexes during interphase or a necessary function for nuclear 
reorganization during prophase. Thus, if Megator plays multiple functional roles as 
its dynamic localization pattern suggests (Zimowska and Paddy, 2002) it would 
prevent us from analyzing a mitotic function using RNAi approaches. That Megator 
is an essential protein necessary for viability is supported by the embryonic lethality 
observed as a consequence of P-insertions in the Megator gene. 
Studies using preparations spanning the evolutionary spectrum from lower 
eukaryotes to vertebrates have provided new and intriguing evidence that a spindle 
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matrix may be a general feature of mitosis (Bloom, 2002; Johansen and Johansen, 
2002). Here we show that at least three proteins, Megator, Chromator, and 
Skeletor, from two different cellular compartments reorganize to form a putative 
spindle matrix during mitosis in Drosophila. Furthermore, the Megator and Skeletor 
defined fusiform spindle structure remains intact even in the absence of polymerized 
microtubules. The identification of several potential spindle matrix molecules in 
Drosophila together with P-element mutations in their genes should provide an 
avenue for further genetic and biochemical experiments. Especially, the future 
isolation and characterization of point mutations in Megator promises to provide the 
means to separate Megator's role in spindle matrix function from its role at other 
stages of the cell cycle. 
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FIGURE LEGENDS 
Figure. 1. Syncytial Drosophila embryo nuclei labeled by mAb Bx34 and 
Hoechst from various stages of the cell cycle (inter-, meta-, and anaphase). 
The labeling by mAb Bx34 is shown in green and the labeling of DNA by Hoechst in 
blue. The composite (comp) images of the stainings are to the left. At interphase 
the Bx34 antibody labels the nuclear rim together with interior nuclear labeling. At 
meta- and anaphase the Bx34 antibody labels a spindle-like structure. All images in 
these panels are from confocal sections. 
Figure. 2. Immunoblot and interphase nuclear labeling of the Megator 
mAb 12F10. (A) Western blot analysis of Drosophila embryonic protein extract 
shows that mAb 12F10 recognizes Megator protein as a 260 kD band. The 
migration of molecular weight markers are indicated to the right in black numerals. 
(B) Larval polytene nucleus labeled with mAb 12F10 (green) and Hoechst (blue). 
The composite image (comp) clearly indicates that the Megator labeling by mAb 
12F10 surrounds the chromosomal DNA labeled by Hoechst. (C) Triple labelings 
using mAb 12F10 to visualize Megator (green), anti-lamin antibody to visualize the 
nuclear lamina (red), and Hoechst to visualize the DNA (blue) of interphase syncytial 
embryonic nuclei. The composite image (comp) shows that Megator and lamin 
labeling overlaps at the nuclear rim (yellow color) whereas interior nuclear Megator 
is interspersed with the DNA labeling of Hoechst. The images are from confocal 
sections. 
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Figure. 3. The dynamic redistribution of Megator relative to the putative 
spindle matrix protein Skeletor during the cell cycle. The images are from 
double labelings of Megator with mAb 12F10 (green) and Skeletor with mAb 1A1 
(red). The composite images (comp) are shown to the left. (A) At interphase 
Skeletor and Megator labeling are intermingled in the nuclear interior whereas 
Megator labeling is prominent at the nuclear rim. During prometa- and anaphase the 
composite images (comp) show extensive overlap between Megator and Skeletor 
labeling as indicated by the predominantly yellow color. At telophase where Skeletor 
begins to redistribute back to the chromosomes Megator appears to be preferentially 
localized to the spindle midbody. The images are from confocal sections of syncytial 
embryonic nuclei. (B) Light squash of a larval polytene nucleus where Skeletor 
localized on the chromosomes are surrounded by Megator labeling. 
Figure. 4. Nuclei from cold- or nocodazole-treated embryos at 
metaphase. (A) Control (upper panel) and cold-treated (lower panel) embryos triple 
labeled with mAb 12F10 (green), rat a-tubulin antibody (red), and Hoechst (DNA in 
blue). In the cold-treated embryo microtubule spindles have completely 
depolymerized as indicated by the absence of microtubule labeling. The mAb 12F10 
labeled spindle (green) is still intact demonstrating that this structure persists 
independently of the microtubule spindle. (B) Triple-labeling with mAb 12F10 
(Megator in green), mAb 1A1 (Skeletor in red), and Hoechst (DNA in blue) from an 
embryo where microtubules were depolymerized with nocodazole. Both Megator 
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and Skeletor labeling are still present and show extensive co-localization (yellow 
color in the composite [comp] image). All images are from confocal sections. 
Figure. 5. Nuclear localization of Megator in S2 cells. (A) Interphase 
nucleus labeled with mAb 12F10 (Megator in green), lamin antibody (red), and 
Hoechst (DNA in blue). The composite image (Megator/lamin) shows considerable 
overlap (yellow color) between Megator and lamin at the nuclear rim whereas only 
Megator is present in the nuclear interior. (B) Metaphase cell labeled with mAb 
12F10 (Megator in green), mAb 1A1 (Skeletor in red), and Hoechst (DNA in blue). 
Megator and Skeletor labeling show extensive overlap (yellow color in the composite 
image [comp]) at the Skeletor defined spindle. All images are from confocal 
sections. 
Figure. 6. Megator and Chromator immunoprecipitation assays. (A) 
Immunoprecipitation (ip) of lysates from Drosophila embryos were performed using 
Chromator antibody (mAb 12H9, lane 4) and Megator antibody (mAb 12F10, lane 3) 
coupled to immunobeads or with immunobeads only as a control (lane 2). The 
immunoprecipitations were analyzed by SDS-PAGE and Western blotting using 
Megator mAb 12F10 for detection. Megator antibody staining of embryo lysate is 
shown in lane 1. Megator is detected in the Megator and Chromator 
immunoprecipitation samples as a 260 kD band (lane 3 and 4, respectively) but not 
in the control sample (lane 2). (B) Immunoprecipitation (ip) of lysates from 
Drosophila embryos were performed using Chromator antibody (mAb 12H9, lane 3) 
and Megator antibody (mAb 12F10, lane 4) coupled to immunobeads or with 
immunobeads only as a control (lane 2). The immunoprecipitations were analyzed 
by SDS-PAGE and Western blotting using Chromator mAb 6H11 for detection. 
Chromator antibody staining of embryo lysate is shown in lane 1. Chromator is 
detected in the Megator and Chromator immunoprecipitation samples as a 260 kD 
band (lane 4 and 3, respectively) but not in the control sample (lane 2). 
Figure. 7. P-element insertion in the Megator gene. (A) Diagram of the 
Megator genomic locus. The locus has five exons separated by four introns. The P-
element insertion site of line I(2)k03905 at the +1 position of the Megator cDNA is 
indicated by the triangle. The ORF coding for the Megator protein including the 
position of the coiled-coil region and predicted nuclear localization signal (NLS) is 
depicted underneath. (B) Megator protein expression in homozygous I(2)k03905 
mutant embryos from I(2)k03905/Cy0 parents. The level of Megator expression in 
I(2)k03905/Cy0 and CyO/CyO embryos from the same cross served as a control. 
The immunoblots were labeled with the anti-Megator Bx34 antibody and with anti-
tubulin antibody. Protein extracts from thirty-five 15-20 hour embryos per lane were 
separated by SDS-PAGE. The relative level of Megator protein expression in mutant 
embryos as a percentage of Megator expression in control embryos is shown to the 
right. 
Figure. 8. RNAi depletion of Megator in S2 cells leads to a reduction of 
cell undergoing mitosis. (A) Comparison of the mitotic index of Megator RNAi 
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treated (n=5) and control (n=5) S2 cell cultures. The mitotic index was defined as the 
number of cells in meta- and anaphase as a percentage of total cell number. Megator 
RNAi treated S2 cell cultures had nearly 60% fewer cells undergoing cell division than 
mock treated control cultures. This difference is statistically significant on the 
p<0.0025 level (Student's t-test). (B) Western blot with Megator antibody of control-
treated and Megator RNAi-treated S2 cells. In the RNAi sample Megator protein level 
is reduced to about 8% of the level observed in the control cells. Tubulin levels are 
shown as a loading control. 
Figure. 9. Expression of V5-tagged Megator deletion constructs in S2 
cells. The expressed constructs are diagrammed beneath the micrographs. (A) 
Full-length V5-tagged Megator (Meg-FL) localizes to the nuclear interior and nuclear 
rim (arrows) of S2 cells at interphase (upper panel). The cells were triple-labeled 
with V5-antibody to visualize the Meg-FL construct (green), lamin antibody (red), and 
Hoechst to visualize the DNA (blue). The lower panel shows S2 cells at metaphase 
labeled with V5-antibody (green), tubulin antibody (red), and Hoechst (DNA in blue). 
As shown in the composite image (comp) Meg-FL labeling overlaps that of tubulin 
(yellow color). However, the overexpressed Meg-FL construct also show some 
aggregation (white arrows). (B) V5-tagged NH2-terminal Megator deletion construct 
(Meg-NT) truncated just before the end of the coiled-coil region localizes to the 
cytoplasm and is mainly absent from the nucleus (upper panel). The Meg-NT 
construct was visualized with V5-antibody (green) and the DNA with Hoechst (blue). 
In 30% of S2 cells the Meg-NT construct formed several large spheres outside the 
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nucleus (lower panel). (B4) Maximum projection image from a Meg-NT (green) 
transfected S2 cell double labeled with Hoechst (blue). (B5) Single confocal section 
through a transfected S2 cell demonstrating that the spheres are hollow. (B6) 
Stereo image of a Meg-NT transfected cell illustrating the spatial relationship 
between the spheres. (C) S2 cells at inter- and metaphase expressing a V5-tagged 
COOH-terminal deletion construct (Meg-CT) lacking the coiled-coil domain. At 
interphase Meg-CT localizes to the nuclear interior and to the nuclear rim (white 
arrows). The nucleus was labeled with V5-antibody (green), lamin antibody (red), 
and the DNA with Hoechst (blue). At metaphase (lower panel) Meg-CT co-localizes 
with the microtubule spindle as indicated by the yellow color in the composite image 
(comp). The cell was labeled with V5-antibody (green), tubulin antibody (red), and 
the DNA with Hoechst (blue). (D) Interphase labeling in the cytoplasm of an S2 cell 
expressing the Meg-M construct. The cell was labeled with V5-antibody (green), 
tubulin antibody (red), and the DNA with Hoechst (blue). All images are from 
confocal sections. On the diagrams the coiled-coil region is in black, the NLS is 
indicated by a black bar, and the V5-tag by a gray circle. 
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CHAPTER 4: A GENETIC SCREEN FOR IDENTIFICATION OF NEW 
MUTANT ALLELES OF CHROMATOR, A PUTATIVE SPINDLE 
MATRIX CANDIDATE, IN DROSOPHILA MELANOGASTER1. 
Uttama Rath, Yun Ding, Hongying Qi, Jack Girton, Jorgen Johansen and Kristen M. 
Johansen. 
ABSTRACT 
In this study, we report on a genetic screen for the identification of new 
Chromator mutant alleles in Drosophila melanogaster. Chromator is a novel and 
essential chromodomain protein and a putative spindle matrix candidate that shows 
a dynamic cell cycle specific immunostaining pattern. To generate new mutant 
alleles in the Chromator gene locus we have treated Drosophila males with 25mM 
ethyl methane sulfonate (EMS) to induce mutations. We have identified ten 
amorphic and two hypomorphic alleles of Chromator in a genetic screen based on 
their selection against a previously characterized lethal SUPor-P-element insertion 
mutation in the Chromator gene locus. Analysis of these new mutant alleles will 
provide further insights into the function of the putative spindle matrix candidate 
protein, Chromator. 
^Manuscript in preparation. 
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INTRODUCTION 
The mitotic spindle is an impressive and complex molecular machine 
essential in eucaryotes to equally distribute the duplicated chromosomes [reviewed 
in Mitchison & Salmon, 2001 and Wittman et al., 2001]. The major components of 
the mitotic spindle are the microtubules and various motor proteins. Microtubules are 
comprised of a highly dynamic structure of polymerized tubulin that undergoes rapid 
shrinkage (catastrophe) and growth (rescue) at its plus-ends, and the tubulin dimers 
also constantly flux towards the spindle poles [reviewed in Gadde et al., 2004]. Over 
the years, the mechanical forces behind chromosome segregation in the intrinsically 
metastable spindle apparatus have puzzled researchers [Pickett-Heaps et al., 1982; 
1997; Scholey et al., 2001]. A non-microtubule stationary spindle matrix structure 
has long been hypothesized on theoretical grounds of force production to act as a 
stable scaffold for motor protein anchoring and microtubule sliding during mitosis 
[Pickett-Heaps et al., 1982; 1997]. However, the direct molecular evidence for this 
proposed structure has remained elusive [Scholey et al., 2001; Wells et al., 2001 ; 
Bloom, 2002; Kapoor & Compton, 2002; Johansen & Johansen, 2002; Gadde et al., 
2004]. 
In Drosophila, Skeletor was identified as a putative spindle matrix 
protein [Walker et al., 2000]. Skeletor localizes to the chromosomes at interphase 
but redistributes during mitosis to form a fusiform spindle structure at prophase 
before the nuclear envelope breakdown. The fusiform Skeletor spindle persists 
throughout metaphase, where it co-aligns with microtubule spindle, and anaphase. 
Nocodazole treatments in embryos have revealed that the Skeletor spindle forms 
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independently of the microtubule spindle. Thus, the Skeletor defined spindle exhibits 
many of the characteristics predicted by the proposed spindle matrix structure. 
Recently in a yeast two-hybrid screen with Skeletor as the bait, another putative 
spindle matrix candidate protein, Chromator, was identified [Rath et al., 2004]. 
Chromator is a novel chromodomain that colocalizes with Skeletor on the 
chromosomes at interphase, and redistributes onto the fusiform Skeletor spindle 
during meta- and anaphase. Analysis of SUPor-P element insertion mutation 
\y1 ;P{y+mDint2wBREBR=SUPor-P}KG03258ry506/TM3,Sb1,Ser1] in the Chromator gene 
locus shows that it is an essential protein. Furthermore, RNAi depletion of the 
Chromator protein in Drosophila S2 cells leads to abnormal spindle morphology and 
chromosome segregation defects. Thus, Chromator is an essential protein required 
for proper mitotic spindle function, chromosome segregation, and is a putative 
molecular component of the Skeletor defined spindle matrix in Drosophila [Rath et 
al., 2004]. 
The  le tha l  SUPor -P  e lement  [y1 ;P{y+mDint2wBREBR=SUPor-P} 
KG03258ry506/TM3,Sb1 ,Ser1] in the Chromator gene locus is inserted upstream of 
the coding region [Rath et al., 2004]. This upstream region or the 5' regulatory region 
is shared between Chromator and another gene Ssl1, encoded by the opposite 
strand. The homozygous SUPor-P element insertion line is lethal at the second 
instar larval stage and shows a dramatic reduction of Chromator protein level. 
Chromator function during interphase and mitosis could not be further dissected in 
the mutant embryos due to the presence of maternally derived protein product. In 
addition, these animals die in early second instar larval stage before neuroblast 
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squashes and polytene chromosome squashes can be reliably analyzed. Thus in 
order to facilitate further analysis of Chromator function during mitosis and 
interphase in Drosophila we have generated a series of mutant alleles in a genetic 
screen using ethyl methane sulfonate as the mutagen. These mutants are also 
unlikely to affect the neighboring genes, a potential concern with the SUPor-P 
element insertion line, in which the insertion site is in the 5'UTR region of two genes 
encoded by opposite strands. 
MATERIALS AND METHODS 
Drosophila Stocks 
Fly stocks were maintained on yeast/cornmeal/dextrose medium at 25°C 
according to standard protocols (Roberts 1998). w1118 and Canton-S were used as 
the wild-type strains. The [y 1 ;P{y+mD,nt2vfRBBR=SUPor-
P}KG03258ry506/TM3,Sb1 ,Ser1] (C h r oKG03258) stock was obtained from the 
Bloomington Drosophila Stock Center. Balancer chromosomes and mutant alleles 
are described in Lindsley and Zimm [1992]. 
Mutagenesis screen using ethyl methane sulfonate (EMS) 
Chromator wild-type males (w1118) were fed with 1% sucrose solution on a 
kimwipe only for about 6 hours and these flies were then treated with 25 mM EMS 
[Sigma] in 1% sucrose solution for around 18-20 hours (Ashburner 1989). The EMS 
treated males were transferred to a new food bottle for clean up and were then mass 
mated with w1118; TM2 Ubx,e / TM6 Sb1,Tb1,e virgin females. The mass mated flies 
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were transferred twice in two-day intervals into new food bottles. Individual Sb male 
progeny  f rom the  mass  mat ings  were  mated  w i th  3  v i rg in  
y1w1118-,P{y+mDint2wBREBR=SUPor-P}KG03258ry506/ TM6 Sb1,Tb1,e (ChroKG03258) 
females to screen for potential Chromator mutations. ChroKG03258 is a lethal 
Chromator loss of function allele. The progeny from the single matings were scored 
for failure of complementation or lethality between the EMS treated chromosome 
and ChroKG03258 carrying chromosome. Siblings of the the new alleles that failed to 
complement i.e. were more than 50% lethal over the SUPor-P element-carrying 
chromosome were selected [*/ TM6 Sb1,Tb1,e] from the single matings for further 
test crosses with y1w1118;P{y+mDint2wBREBR=SUPor-P}KG03258ry506/ TM6 Sb1,Tb\e 
and analysis. 12 potential Chromator mutants were identified, which were then 
outcrossed for 6 generations with w1118; TM2 Ubx,e / TM6 Sb1,Tb\e flies to eliminate 
non-specific second site mutations on the other chromosomes. 
Polymerase chain reaction using larvae 
Genomic DNA was isolated from homozygous Chromator mutant larvae and 
the polymerase chain reaction (PGR) was performed according to Preston and 
Engels (1996) with some modifications. PGR fragments spanning the entire 
Chromator gene locus were sequenced and compared to the sequences obtained 
from w1118 in the same region for identification of point mutations. 
113 
Immunoblot Analysis 
Protein extracts were prepared from crawling larvae homogenized in 
immunoprecipitation (IP) buffer (20 mM Tris-HCI pH 8.0, 10 mM EDTA, 1 mM EGTA, 
150 mM NaCI, 0.1% Triton X-100, 0.1% Nonidet P-40, 1 mM Phenylmethylsulfonyl 
fluoride, and 1.5 |xg Aprotinin). Homozygous Chromator mutant larvae were 
identified according to the absence of the Tubby marker. Proteins were fractionated 
on a SDS-PAGE gel according to standard procedures (Laemmli, 1970). Electroblot 
transfer was performed as in Towbin et al. (1979) with transfer buffer containing 20% 
methanol and in most cases including 0.04% SDS. For these experiments we used 
the Bio-Rad Mini PROTEAN II system, electroblotting to 0.2 pm nitrocellulose, and 
using anti-mouse HRP-conjugated secondary antibody (Bio-Rad) (1:3000) for 
visualization of primary antibody diluted 1:1000 in Blotto. The signal was visualized 
using chemiluminescent detection methods (ECL kit, Amersham). The primary 
antibodies include mAb6H11 for detection of Chromator and anti-a-tubulin mouse 
lgG1 antibody (Sigma). The immunoblots were digitized using a flatbed scanner 
(Epson Expression 1680). For quantification of immunolabeling, digital images of 
exposures of immunoblots on Biomax ML film (Kodak) were analyzed using the 
Imaged software as previously described (Wang et al., 2001). In these images the 
grayscale was adjusted such that only a few pixels in the control lanes were 
saturated. The area of each band was traced using the outline tool and the average 
pixel value determined. Levels in homozygous Chromator mutant larvae were 
determined as a percentage relative to the level determined for wild type control 
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larvae and heterozygous Chromator mutant larvae using tubulin levels as a loading 
control. 
RESULTS 
EMS Mutagenesis Screen 
In order to generate new Chromator mutant alleles we conducted a genetic 
screen upon mutagenesis with ethyl methyl sulfonate (EMS). In this mutagenesis 
screen, w1118 Chromator wild-type males were treated with 25 mM EMS in 1% 
sucrose solution for around 18-20 hours. The EMS treated males were then mass 
mated with w1118; TM2 Ubx,e / TM6 Sb1, Tb1,e virgin females as depicted in Figure 1. 
w1118/Y; V TM6 Sb1,Tb\e (male) progeny from the mass matings were selected and 
individually mated with y1w1118\ P{y+mDint2wBREBR=SUPor-P}KG03258ry506/ TM6 
Sb1,Tb1,e virgin females to screen for potential Chromator mutations based on 
lethality. Earlier analysis has shown that y1w1118] P{y+mDint2wBREBR=SUPor-
P}KG03258ry506/ TM6 Sb1,Tb\e is a SUPor-P element insertion line in the 
Chromator gene locus. This KG03258 SUPor-P element is inserted within the first 
intron of alternatively spliced Chromator transcripts B and C and is 50bp upstream of 
transcript A. Western blot analysis of the homozygous ChroKG03258 second instar 
larvae showed a severely reduced Chromator protein level upon detection with 
mAb6H11 suggesting it is a Chromator null allele that is lethal shortly after the 
maternal protein levels run out [Rath et al., 2004]. 
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Adult progeny obtained from the single test matings were then scored for 
failure of complementation or >50% lethality between the EMS treated chromosome 
and the SUPor-P element-carrying chromosome. If the EMS treated third 
chromosome has a mutation in the Chromator gene locus then the flies carrying the 
mutant chromosome over the ChroKG03258 allele would fail to complement each other, 
i.e. these flies would either be partially or completely lethal. Siblings of the new 
alleles that failed to complement the ChroKG03258 allele were selected over the 
balancer [*/ TM6 Sb1,Tb1,e] from the single matings for further test crossed with 
y1w1118]P{y+mDint2wBREBR=SUPor-P}KG03258ry506/ TM6 Sb1,Tb1,e. The potential 
Chromator mutants were then outcrossed for 6 generations with w1118; TM2 Ubx,e / 
TM6 Sb1,Tb1,e to eliminate other non-specific second site mutations on other 
chromosomes. 
Using this genetic screen (Figure 1) we have screened 16,110 EMS treated 
chromosomes and identified 12 potential mutations in the Chromator gene locus. 
Ten of the new mutant alleles are likely amorphs as they are lethal at an early 
developmental stage when made heterozygous with the ChroKG03258 allele in the test 
crosses. The remaining two lines are likely hypomorphs of the Chromator gene since 
they are partially lethal with ChroKG03258 allele and some flies make it to the adult 
stage. Thus according to the failure of complementation or lethality obtained for 
these new mutants against the ChroKG03258 allele in test crosses, we have identified 
ten potential amorphic alleles and two potential hypomorphic alleles of Chromator 
(Table 1). 
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Genomic characterization of the new Chromator hypomorphic allele 
Two of the newly generated Chromator hypomorphic mutant alleles Chro9'2a 
and Chrog'3b partially complemented the null allele of Chromator, ChroKG03258, the 
SUPor-P element inserted line (See Table 1). Viability analysis of Chrog'2a and 
Chro9'3b revealed that both these alleles are homozygous lethal at a late embryonic 
to early larval developmental stage. To further molecularly characterize the point 
mutation lesion caused by the EMS treatment in the Chromator gene locus, genomic 
DNA from crawling homozygous larvae of Chro9'2a was extracted and analyzed by 
PGR and DNA sequencing. Primers spanning the whole Chromator gene locus were 
used for the PGR and these amplified DNA fragments were gel purified and 
sequenced. At the same time, genomic DNA was also isolated from wild type w1118 
flies and similarly analyzed by PGR and the amplified DNA products purified and 
sequenced. We found two point mutations in the Chromator gene locus upon 
comparing DNA sequences of the Chro9'2a mutant allele and the wild type Chromator 
allele. The first point mutation is a guanine to adenine change in the second exon of 
Chromator gene that gives rise to a single amino acid change of cysteine to tyrosine 
in the protein (Figure 2A). The second point mutation was identified at the splice 
junction of the last intron of the Chromator gene where a guanine of the splicing 
signal (GU) at the start of the intron had been changed to adenine (Figure 2A). 
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Reduced viability correlates with reduced Chromator protein levels 
In order to determine the relative phenotypic effects of the two hypomorphic 
alleles described above as well as the previously described null allele, ChroKG03258 
series of crosses were performed. Hetero-allelic flies with different Chromator alleles 
were generated by crossing males and females containing different Chromator 
alleles. 
Immunoblot analysis was performed to determine whether the early larval 
lethality of the homozygous hypomorphic allele of Chromator, Chro9~2a, was directly 
related to the change in the Chromator protein levels in the larvae as previously 
observed for the ChroKG03258 allele. Protein extracts were made from the crawling 
non-tubby homozygous second instar Chro9'2a larvae and the tubby heterozygous 
Chro9'2aITM6 Sb1,Tb1,e larvae. These extracts were fractionated on a SDS-PAGE 
gel and analyzed by western blotting using antibody probe against the Chromator 
COOH-terminal domain, mAb6H11 (Rath et al., 2004). Chromator protein levels are 
severely reduced in the homozygous Chro9'2a larvae as compared to the 
heterozygous Chro9~2aITM6 Sb1,Tb1,e larvae (Figure 2B) indicating that the two point 
mutations in the Chromator gene locus of the Chro9'2a mutant allele either make the 
Chromator protein unstable or prevent it from being made. Furthermore, a severe 
depletion in the Chromator protein levels directly correlates with the second instar 
lethality stage of the homozygous Chro9'2a mutant larvae. 
Complementation analysis between the new Chromator hypomorphic alleles 
and previously characterized null allele, ChroKG03258 showed partial lethality (See 
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Table 1). To determine if the degree of viability also corresponded to the Chromator 
protein levels in these diallelic adult flies, immunoblot analysis was performed. 
Protein extracts were made from the surviving adult flies from the complementation 
or the test cross and analyzed by western blotting using Chromator monoclonal 
antibody probe, mAb6H11 [Rath et al., 2004]. Chromator protein levels were 
severely reduced in both the Chrog'2a/ChroKG03258 and Chro9'3b/ChroKG03258 diallelic 
adult flies (Figure 3). Tubulin levels were also measured in these adult flies as a 
loading control. 
Furthermore, crosses generating a double hypomorphs (Chro9'2al Chro9'3b) of 
the Chromator gene showed a late third instar to pupal lethality. Individually these 
hypomorphs are late embryonic to early larval lethal, thus indicating that these two 
hypomorphic Chromator alleles partially complement each other to survive to the 
larval and pupal stage. Western blot analysis of these hetero-allelic larvae and 
pupae reveal a severe knockdown of the Chromator protein level (Figure 4) again 
showing direct correlation between the lethal stage and the reduction in the 
Chromator protein levels. 
DISCUSSION 
Using EMS treatment and a genetic screen, we have identified twelve new 
mutant alleles of the Chromator gene. Among them, two of the mutant alleles are 
hypomorphs and the remaining ten are amorphs based on their complementation 
with the previously characterized null allele of Chromator, ChroKG0325d. We have also 
shown that viability of the flies at different developmental stages is directly related 
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with the levels of functional Chromator protein, thus indicating that Chromator 
protein plays an essential function throughout the lifecycle of Drosophila and is 
required for its survival. 
The lesion site in the hypomorphic allele, Chro9'2a, was mapped using PGR 
and DNA sequencing. Two point mutations were identified, both were conversions of 
a guanine residue to an adenine residue. The first mutation is in the second exon 
and gives rise to an amino acid change of cysteine to tyrosine in the Chromator 
protein sequence. The second point mutation was mapped to the splice junction of 
the last intron, which might lead to aberrant Chromator gene splicing patterns. These 
two mutations may either make the Chromator protein unstable or trigger mRNA 
degradation or both; since animals with homozygous Chro9'2a genotype show a 
severe reduction of the protein level that also corresponds to lethality at the second 
instar larval stage. 
Chromator is an essential chromodomain containing protein that is required 
for the proper spindle function during mitosis as observed by dsRNAi studies in 
Drosophila S2 cells [Rath et al., 2004]. During the cell cycle, Chromator is present 
on the chromosomes in the interphase and then relocalizes to the Skeletor defined 
fusiform spindle matrix at metaphase. Most of the chromodomain proteins identified 
to date are chromatin-associated proteins [Brehm et al., 2004]. The best-known 
example is the HP1 protein, which binds to methylated histones and helps in the 
assembly of heterochromatin. Based on the resemblance between the 
chromodomains of Chromator and the Tetrahymena protein Ppd1, which is known to 
interact with histone H3, Chromator might play an important role in maintaining the 
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chromatin organization during the interphase. Generation of new Chromator mutant 
alleles will provide tools for further functional analysis of the protein during both 
mitosis and the interphase. 
Previously in Rath et al. (2004) we have identified a SUPor-P element 
insertion in the Chromator gene locus [y1;P{y+mDint2wBREBR=SUPor-
P}KG03258ry506/TM3,Sb1,Ser1]. This SUPor-P element insertion is in the 5' 
regulatory region of the Chromator gene, which is also the 5' regulatory region for 
another gene, Ssl1, coded from the opposite strand. The primary objective of this 
study was to generate new Chromator mutant alleles that are unlikely to affect other 
neighboring genes. Furthermore, the previously characterized null allele of 
Chromator is lethal at the second instar larval stage making it difficult to analyze the 
function of Chromator during mitosis and interphase in the neuroblasts and the 
polytene chromosomes reliably at this stage. In the mutant embryos, the stores of 
maternal proteins also hamper analysis of Chromator's function during mitosis. We 
have now generated new Chromator mutant alleles that alone or in heteroallelic 
combinations are able to survive to the third instar larval and later stages, thus 
providing the means for further reliable analysis of Chromators's mitotic function in 
neuroblasts and the interphase function in the polytene chromosomes of Drosophila. 
Furthermore, some of the diallelic combinations between the different amorphic and 
the hypomorphic alleles might allow the titration of the maternal Chromator protein to 
a low level that would enable the study of potential mitotic phenotypes in syncytial 
embryos. 
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Table 1. Test crosses of the potential Chromator mutants1 with the 
ChroKG03258/ TM6 Sb1,Tb\e 
Lines */KG03258 # 
*/TM6 
# 
KG03258/TM6 
# 
Ratio 
(*/KG03258: 
Total flies) 
Comments 
B5-1d 0 24 22 0 Amorph 
B7-2a 0 25 24 0 Amorph 
B7-2c 0 11 17 0 Amorph 
B8-2d 0 16 23 0 Amorph 
B8-3a 0 42 40 0 Amorph 
B9-1b 0 15 9 0 Amorph 
B9-2a 1 28 25 0.02 Hypomorph 
B9-3b 2 16 17 0.06 Hypomorph 
B10-1d 0 12 9 0 Amorph 
B12-2b 0 8 5 0 Amorph 
B13-2a 0 10 8 0 Amorph 
B14-3a 0 1 6 0 Amorph 
1 Chromator mutants are balanced over the TM6 Sb1,Tb1,e balancer chromosome. 
The TM6 Sb1,Tb1,e balancer chromosome is represented as TM6 in the table and 
the (*) represents the Chromator mutant allele. 
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FIGURE LEGENDS 
Figure. 1. EMS mutagenesis genetic screen for identification of new 
Chromator mutant alleles. Sb,Tb, e, and Ubx represent the Stubble bristle, tubby 
body shape, ebony body color and ultrabithorax markers respectively, mut* is the 
EMS induced mutation carrying chromosome. ChroKG03258 is the SUPor-P element 
inserted null allele of Chromator. 
Figure. 2. Characterization and mapping of the lesions in the new 
Chromator hypomorphic allele, Chro9'2a. (A) Schematic representation of a 
Chromator transcript with the two point mutation sites marked by grey arrowheads. 
The first arrowhead represents the base change from Guanine to an Adenine in the 
second exon of Chromator. The second arrowhead represents the single base 
change from guanine to an adenine in the splice signal at the start of the last intron. 
The black box represents the chromodomain and the grey box is the Skeletor 
interacting region. (B) Western blot analysis of second instar homozygous and 
heterozygous larval extracts of Chro9'2a allele. Tubulin antibody labeling is shown as 
a loading control. Chromator protein level is severely reduced in the homozygous 
Chro9'2a larvae as compared to the heterozygous Chro9'2a/ TM6 Sb1,Tb1,e larvae. 
Figure. 3. Chromator protein expression in the complementation test 
crosses of Chromator hypomorphic and the null allele, ChroKG03258. Immunoblot 
analysis was performed with the adult fly extracts of the wildtype (Canton-S), 
balancer line (w1118; TM2 Ubx,e / TM6 Sb1,Tb1,e), heterozygous Chromator null 
allele, ChroKG03258/ TM6 Sb1,Tb1,e, and males and female flies from the 
complementation test cross between the hypomorphs Chro9~2a and Chro9'3b with null 
allele ChroKG03258. A severe reduction in the Chromator protein levels in the males 
(M) and females (F) of the diallelic flies as compared to the wildtype, balancer line 
and heterozygous ChroKG03258 flies was observed. Tubulin levels were measured as 
a loading control. 
Figure. 4. Chromator protein levels are severely reduced in diallelic 
double hypomorphic line. Protein extracts from the diallelic hypomorphic third 
instar larvae and pupae were fractionated on SDS-PAGE gel. Western blotting and 
detection with mAb6H11 and anti-a-Tubulin revealed a severe reduction in the 
Chromator protein levels in the non-tubby larvae and pupae of the diallelic double 
hypomorphic line (Chro9'2al Chro9'3b) as compared to their respective tubby 
heterozygous siblings. 
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CHAPTER 5: GENERAL CONCLUSIONS 
Chromator, a Novel Chromodomain Protein 
Chromator was identified as a yeast two-hybrid interacting partner of Skeletor, 
a putative spindle matrix protein, from two independent Drosophila embryonic 
libraries. The yeast two-hybrid screen identified two partial COOH-terminal clones of 
Chromator. Several ESTs corresponding to this region were sequenced and the full 
length Chromator was assembled, which revealed three alternatively spliced 
transcripts all encoding the same protein sequence. The Chromator protein consists 
of 926 amino acids with a novel chromodomain at the MHz terminus. 
The 'chromodomain' module was first identified in Drosophila HP1 
(Heterochromatin protein 1) and Polycomb proteins as a shared region of similarity. 
Since both HP1 and Polycomb regulate chromatin structure, this common domain 
was named as 'chromodomain' (chromatin organization modifier) (Paro and 
Hogness, 1991 ; Brehm et al., 2004; de la Cruz et al., 2005). Chromodomains have 
since been found in many other chromatin regulators like the remodeling factors and 
histone acetlytransferases and methyltransferases. The chromodomain containing 
proteins are divided into 11 major classes depending on their divergence from the 
classical HP1 chromodomain structure. All the classes are well conserved in the 
central 'chromo-box' motif of the chromodomain structure (de la Cruz et al., 2005). 
Sequence alignment revealed that Chromator's chromodomain is most 
closely related to the chromodomain in PDD1 of Tetrahymena. PDD1 protein is 
involved in the programmed DNA elimination of the macronucleus. It is known to 
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bind to MeK9H3 [methylated(Lys9)Histone3] in vitro in a mechanism similar to that 
of HP1 binding to MeK9H3 which is required for the establishment and maintenance 
of heterochromatin structure in Drosophila (Taverna et al., 2002). Based on the 
resemblance between the chromodomains of Chromator and PDD1, Chromator's 
potential for regulating the chromatin structure during interphase can be predicted. 
Sequence analysis of Chromator's chromodomain revealed that two aromatic amino 
acids necessary for the HP1 -like interaction with MeK9H3 is replaced with charged 
amino acids indicating that Chromator may not be involved in binding MeK9H3 
(Gortchakov et al., 2005). However, Chromator's binding to other methylated 
histones (like MeK4H3) cannot be ruled out. 
During interphase Chromator was found to colocalize with JIL-1, a tandem 
serine-threonine kinase, on the interband region of polytene chromosomes (H. Deng 
personal communication and U. Rath unpublished results). Chromator also co-
immunoprecipitates with JIL-1 protein in Drosophila S2 cell extracts (U. Rath 
unpublished results). JIL-1 Kinase has been previously reported to be involved in the 
maintenance of normal chromatin structure (Wang et al., 2001). In strong JIL-1 
hypomorphic and amorphic alleles, polytene chromosomes are shortened and spiral 
as compared to the wild type (Wang et al., 2001; Zhang et al., 2003a, Deng et al., 
2005). Chromator's interaction with JIL-1 kinase along with the presence of the 
chromodomain lead us to speculate a role for Chromator in the establishment and 
maintenance of the chromatin structure. Characterization of the Chromator mutant 
alleles will provide further insights into the function of Chromator in the regulation of 
the chromatin structure at interphase. 
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Chromator is required for proper spindle function during mitosis 
Chromator shows a dynamic cell cycle specific immunostaining pattern similar 
to its interacting partner, Skeletor. At interphase, both Skeletor and Chromator 
colocalize with each other extensively on the chromosomes, though Skeletor 
immunostaining is also observed in the nucleolus. During mitosis, Chromator 
relocalizes from its chromosomal location in prophase to the fusiform Skeletor 
spindle structure at metaphase, which also coaligns with the mitotic microtubule 
spindle. Unlike the Skeletor protein, Chromator is localized to the centrosomes at 
metaphase. Chromator localization on the Skeletor spindle persists through 
anaphase. In telophase, both proteins redistribute to the newly forming daughter 
nuclei with a large amount of Chromator protein localized to the midbody region. 
In order to analyze the function of Chromator, dsRNA interference studies 
were done in Drosophila S2 cells. Depletion of Chromator protein led to aberrant 
mitotic spindle morphology and chromosome alignment/segregation defects with the 
chromosomes scattered throughout the microtubule spindle structure. These results 
indicate an essential role of Chromator for the normal progression of mitosis in the 
cell cycle. 
During mitosis, Chromator extensively colocalizes with the putative spindle 
matrix protein, Skeletor, thus suggesting involvement of Chromator in the spindle 
matrix function. The spindle matrix is a stationary structure hypothesized to anchor 
motor proteins during the force production and microtubule sliding in mitosis 
(Johansen et al., 2002). According to the prediction of the spindle matrix model, 
interference with the spindle matrix structure would lead to loss of motor protein 
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anchorage and defects in their normal dynamic behavior in the mitotic spindle 
apparatus which would eventually lead to aberrant microtubule spindle morphology 
and defective chromosome alignment/segregation. dsRNAi of Chromator in 
Drosophila S2 cells results in mitotic spindle and chromosome 
alignment/segregation defects similar to those predicted by the spindle matrix 
hypothesis, thus supporting the hypothesis that Chromator is a spindle matrix 
component protein. Furthermore, recent dsRNAi data in Drosophila S2 cells of some 
kinesin motor proteins, KLP67A and KLP59C show similar chromosome segregation 
phenotypes where the chromosomes are scattered throughout the mitotic spindle 
structure (Goshima & Vale, 2003; Rogers et al., 2004). Thus if Chromator, as a part 
of the spindle matrix, acts to anchor the motor proteins a depletion of either the 
spindle matrix component or the motor protein would very likely show similar mitotic 
defects. These inferences along with the direct interaction and colocalization of 
Chromator with putative spindle matrix protein Skeletor indicate an essential function 
for Chromator during mitosis and suggest it as a functional component of the spindle 
matrix complex. 
Megator, a probable player in the nuclear endoskeleton 
Megator was identified as the mAb Bx34 antigen by Zimowska et al. (1997). 
Bx34 antigen is a nuclear protein with a large coiled coil domain at the NHh-terminus 
and a shorter acidic COOH-terminal domain. The structural organization of the Bx34 
antigen is very similar to that observed for mammalian nuclear pore complex protein 
Tpr (translocated promoter region) and, like the Tpr proteins, Bx34 antigen is 
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localized to the nuclear envelope and may also be associated with the nuclear pore 
complex (Zimowska et al., 1997). However, the protein sequences of Tpr and Bx34 
antigen have only a 28% amino acid identity, and the Bx34 antigen is not only 
localized to the nuclear rim like Tpr proteins but also is present in the nuclear 
interior. Though these two proteins are structurally similar, immunostaining data 
indicates their functional differences, thus the Bx34 antigen has been named 
Megator. 
During interphase, Megator is localized to the nuclear periphery and the 
nuclear interior. In light squash preparations of polytene chromosomes, Megator was 
found to localize around the chromosomes and at the nuclear rim. Interior nuclear 
localization of Megator suggests that it could be a part of the elusive 
extrachromosomal nuclear domain (END), which is known to be involved in the 
spatial organization of the nucleus in a fashion similar to that of EAST (Enhanced 
adult sensory threshold) protein, a part of the expandable nuclear endoskeleton 
(Wasser and Chia, 2000; 2003). Further analysis of Megator at interphase will help 
define its functions in the nucleus. 
Megator, a structural component of the putative spindle matrix complex 
Megator, a large coiled-coil protein, shows a dynamic cell cycle specific 
localization pattern very similar to that of putative spindle matrix protein Skeletor 
during mitosis. At early prophase, Megator is localized to the nuclear rim and the 
nuclear interior, but then reorganizes during late pro- to prometaphase to form a 
fusiform spindle structure. The Megator spindle structure colocalizes extensively with 
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the fusiform Skeletor spindle from prometaphase to anaphase. Both Megator and 
the Skeletor spindle also coalign with the mitotic microtubule spindle during meta-
and anaphase. At telophase, Megator relocalizes to the midbody region and Skeletor 
is redistributed onto the forming daughter nuclei. Megator also molecularly interacts 
with Chromator, the putative functional component of the spindle matrix, as 
observed by co-immunoprecipitation analysis in Drosophila embryo extracts. These 
results taken together indicate that Megator is a part of the macromolecular spindle 
matrix complex of proteins. 
Megator is a large coiled-coil protein and the most likely structural candidate 
of the spindle matrix complex. Both the previously described putative spindle matrix 
proteins, Skeletor and Chromator, do not have any structural motifs in their protein 
sequence. Interestingly, the Megator NH2- terminal construct containing the coiled-
coil domain when transfected into the Drosophila S2 cells was able to assemble into 
spherical structures in the cytoplasm, thus hinting at its capability of polymerization. 
The COOH- terminal construct containing the acidic domain of Megator upon 
transfection shows similar localization as the endogenous protein, thus indicating the 
possibility that the COOH-terminus of Megator is required for the targeting and 
localization of the protein to the spindle and the NH2- terminus is responsible for 
forming polymers and serving as the structural basis of the spindle matrix. This 
speculation is further supported by the independence of the Megator spindle from 
the microtubule spindle as seen in the microtubule depolymerization experiments in 
which Megator spindle structure persists even after the depolymerization of the 
microtubules by nocodazole/cold treatment in Drosophila syncytial embryos. 
Depletion of Megator in Drosophila S2 cells by dsRNAi shows a reduction in the 
number of mitotic cells, but no obvious defects in the microtubule spindle 
morphology or chromosome alignment/segregation. Lowering of the mitotic index 
could have resulted from the loss of Megator function in the nucleus during 
interphase or due to a loss of its spindle matrix function during mitosis. Future 
isolation and characterization of point mutations in the Megator gene locus in 
Drosophila affecting only specific functions of this multi-functional protein will provide 
us the tools to analyze each of the Megator's functions in isolation. 
The Spindle Matrix Complex 
"Spindle matrix" is hypothesized as a stationary non-microtubule structure, 
which provides a backbone or a strut for interaction of motor proteins during force 
generation and microtubule sliding in the metastable spindle apparatus during 
mitosis (Pickett-Heaps et al., 1997; Johansen et al, 2002). This stationary structure 
is also proposed to have the properties to help organize and stabilize the 
microtubule spindle (Johansen et al, 2002). Over the years, scientists have provided 
various hints as to the existence of such a "spindle matrix" structure but the 
molecular components of this structure have remained elusive. In Drosophila, 
Skeletor has been identified as a candidate protein since it possesses many 
characteristics predicted for a hypothesized spindle matrix protein (Walker et al., 
2000). Using yeast two hybrid and co-immunoprecipitation analysis we have 
identified two more putative spindle matrix candidates, Chromator and Megator. At 
interphase, these proteins are present in the nucleus with Skeletor and Chromator 
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on the chromosomes and Megator being localized to the nuclear rim and the 
interchromosomal region. During mitosis, these proteins redistribute from their 
nuclear localization to form a spindle structure independent of the microtubule 
spindle. The spindle matrix hypothesis predicts a stationary non-microtubule 
structure, which anchors motor proteins during force production and microtubule 
sliding. The formation of a microtubule-independent spindle structure by Megator 
and Skeletor in combination with the chromosome alignment/segregation defects 
observed upon depletion of Chromator are in concordance with the predictions of the 
spindle matrix hypothesis. 
In summary, we have identified Chromator and Megator, two nuclear proteins 
as putative components of the stationary spindle matrix complex in Drosophila. 
Analysis of these proteins have provided with insights into the organization and 
function of the proposed spindle matrix structure. Further studies involving the point 
mutations of these genes will shed more light into the mechanistic details of the 
spindle matrix complex of proteins during mitosis. 
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